Development of III-V nitride optoelectronic devices by Tseng, Chun-Lung
        
University of Bath
PHD








Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.
            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal ?
Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.
Download date: 13. May. 2019
DEVELOPMENT OF III-V NITRIDE  
OPTOELECTRONIC DEVICES
Submitted by Chun-Lung Tseng 
for the degree of 
Doctor of Philosophy 
of the University of Bath 
2003
COPYRIGHT
Attention is drawn to the fact that copyright of this thesis rests with its author. 
This copy of the thesis has been supplied on condition tha t anyone who consults 
it is understood to recognise that its copyright rests with its author and no 
information derived from it may be published without the prior written consent 
of the author.
This thesis may be made available for consultation within the University library 




INFORMATION TO ALL USERS 
The quality of this reproduction is dependent upon the quality of the copy submitted.
In the unlikely event that the author did not send a complete manuscript 
and there are missing pages, these will be noted. Also, if material had to be removed,
a note will indicate the deletion.
Dissertation Publishing
UMI U170608
Published by ProQuest LLC 2013. Copyright in the Dissertation held by the Author.
Microform Edition © ProQuest LLC.
All rights reserved. This work is protected against 
unauthorized copying under Title 17, United States Code.
ProQuest LLC 
789 East Eisenhower Parkway 
P.O. Box 1346 
Ann Arbor, Ml 48106-1346

A bstract
The development of III-nitride optoelectronic devices, including field emission 
electron emitters and high efficiency light, emitting diodes, has been undertaken, 
involving the investigation of processing techniques and device design. This work 
comprises the study of the light transmission of Ni/Au contacts, ZnO growth, 
inductively-coupled plasma etching for GaN, and the damage induced by SiC>2 
ion beam sputtering deposition. These studies were subsequently applied to the 
design of anti-reflection and current spreading using a Ni/Au/ZnO contact for p- 
GaN, and the fabrication of GaN nanotubes. The characteristics of field emission 
for the GaN nanotubes were also investigated.
The mechanism of increased light transmission for an annealed thin Ni/Au layer 
on p-GaN has been studied. The increase in light transmission is attributed to 
the open areas formed due to the formation of Ni/Au island structures after 
annealing. The importance of Au in the Ni/Au contact was thus investigated. 
It was found that the presence of Au is essential for lowering the contact resis­
tance. ZnO growth by ion beam sputtering was performed for the further design 
of anti-reflection coating. The structural, electrical, and optical properties has 
been found to be sensitive to the substrate temperature and oxygen flow rate. 
According to the studies described above, a novel Ni/Au/ZnO contact for p-GaN 
was developed. The light transmission has been increased to 89% at a wavelength 
of 470 nm due to the additional ZnO film which acts as an anti-reflection layer. 
The additional ZnO layer also induced a better resistance match to the n-GaN in 
a GaN-based LED, resulting in better current spreading and higher light emission 
efficiency at the same injected current.
Inductively-coupled plasma etching for GaN has been investigated. It was found 
that the ICP power, RF power, and chamber pressure significantly affected the 
etch rate, DC bias and etched surface morphology. The etching technique was 
then applied to the fabrication of GaN nanotubes which have a wall thickness 
of ~20nm and outer diameter of ~200nm. One application for a field emission 
electron emitter, using the n-GaN nanotubes was explored. The turn-on electric 
field was effectively decreased with respect to the bulk n-GaN film due to the 
high geometric field enhancement. Damage induced by Si02 ion beam sputtering 
deposition was also studied. The decrease in the photoluminescence intensity 
from a multiple quantum well structure was observed after removing the coated 
Si0 2 , indicating that the damage was mainly due to Si0 2  deposition.
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Chapter 1
Introduction
1.1 Lighting — A Historical Perspective
Flames produced by combustion of oils, and later gas, had been used as artificial 
lighting sources until T. Edison first demonstrated light bulbs in 1879. The 
current flowing through to the filament of a light bulb generates heat to emit light, 
but the efficiency is very low. Thus, seeking a lighting source which has high light 
emission efficiency and low power consumption has been at the core of research 
into light emitting devices. In 1907, H. J. Round discovered electro-luminescence 
by driving a current through a metal contact into a carborundum crystal [1]. 
There was little progress until Pankove et al. [2] first reported efficient electro­
luminescence from GaAs in 1962. Since then, considerable effort has devoted this 
type of lighting source.
There are many advantages to light emitting diodes in comparison with conven­
tional lighting devices. Table 1.1 shows the comparison of light bulbs and light 
emitting diodes for application in traffic lights and railway signals [3]. It is clear 
that light emitting diodes have lower power consumption and ~  10 times longer 
lifetime. The most interesting property of light emitting diodes is that the emit­
ted colour is direct from the source, but that light bulbs have to use colour filters 
to generate the required colour, such that the energy of the non-required colour
1
C H A P T E R  1. INTRODUCTION
P ow er C on su m p tio n Lifetim e F ailu re  M ode V isib ility
Red Yellow Green
Light






LED 18 W 25W 35W 5-10 years Gradual intensity decrease Direct
Table 1.1: Comparison of light bulbs and light emitting diodes for application 
in traffic lights and railway signals [3],
is wasted. These properties of light emitting diodes have been utilised to many 
applications.
GaAs-based light emitting devices have been successfully demonstrated over the 
red light range with high efficiency and low power consumption. Many researchers 
are seeking suitable semiconductors which can emit light in the range from green 
to blue and UV. Figure 1.1 illustrates human eye sensitivity and efficacy for 
colours [47]. The eye sensitivity reaches a peak at a wavelength of 555nm and 
decays to only 10% in the blue light region. This implies that the light emitting 
devices in the blue light region have to be more efficient than green and yellow 
light. ZnSe, ZnO, and GaN are potential semiconductor materials which have 
a direct bandgap of 3.3eV, 2.7eV and 3.45 eV, respectively. The first electroni­
cally pumped ZnSe-based blue laser was achieved by Haase et al. in 1991 [33]. 
However, the high series resistance originating in the ohmic contacts limits the 
device performance and lifetime, and effective solutions are still absent. ZnO is 
the other alternative material, but the fabrication of p-ZnO has only just been 
realised in 1999 [34]. The research for ZnO light emitting devices are ongoing. 
In contrast, GaN has been processed as high quality single crystal and p-GaN 
has been available since 1990 [7, 8]. Extensive research has been undertaken on 
the improvement of GaN growth, and the associated processing techniques. The 
techniques developed provide effective solutions for the applications of group III- 
nitrides. This has resulted in group III-nitrides being the dominant materials for 
the light emitting devices in the UV and blue ranges.
2
C H A P T E R  1. IN T R O D U C T IO N
Wavelength k  (nm)
F ig u r e  1.1: Relative eye sensitivity (left axis) and efficacy measured in Lumens 
per Watt of optical power (right axis).
1.2 D evelopm ent of Group III-N itrides
Since the 1990s, group 111-nitrides have been utilised to fabricate various elec­
tronic devices due to their excellent electrical and physical properties. The wide 
and direct bandgaps, 3.4 eV for GaN, 6.2 eV for AIN and 1.9 eV for InN, make 
them promising candidates for short wavelength light emitting diodes (LEDs) 
and laser diodes (LDs) in the blue to ultraviolet region [3]. A LED-based full 
colour display has been demonstrated since blue LEDs were introduced (Figure 
1.2) [4]. White LEDs with high brightness have also been developed by lumi­
nescence conversion [5]. These white light sources not only provide long lifetime 
devices, but also have much lower power consumption compared with incandes­
cent or fluorescent light sources. Short wavelength LDs are the key components 
required by high density optical storage technologies. Nakamura et al. [6] have 
demonstrated InGaN/GaN/AlGaN-based laser diodes with a wavelength as short 
as 417 nm and a lifetime estimated at ~10,000 hours, indicating the suitability 
of the group III-nitrides LDs for high density optical storage applications.
Figure 1.3 demonstrates the publication trend of GaN related researches from 
1981 to 2002. These data, taken from the database of ISI Web of Science Service, 
is obtained using the search “GaN”. It can be seen that the number of publications 
starts to increase in 1990 and has grown dramatically since 1995. The increase is
3
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FIGURE 1.2: The various ternary and quaternary materials used for LEDs with
the wavelength ranges indicated [4].
mainly due to the successful growth of high quality GaN single crystal epilayers 
and the availability of highly conductive p-GaN. The GaN epilayer is normally 
grown on a sapphire substrate but the dislocation density of the films is too 
high due to the thermal and lattice mismatch between GaN and sapphire. In 
1986, Amano et al. [7] developed a technique which uses an AIN buffer layer 
between the sapphire substrate and GaN, and the quality of the GaN epilayer was 
significantly improved. This technique has allowed the application of group III- 
nitrides. A highly conductive p-GaN was successfully grown in 1989 by the same 
group. Amano et al. [8] used low energy electron beam irradiation to activate 
the carriers in the p-GaN and found the resistivity was 35 fhcm. This success 
has promoted the applications of group III-nitrides to light emitting devices in 
the colour range of blue and ultraviolet [9]. Subsequently, considerable efforts 
have been made in the investigation of group III-nitrides.
Because the GaN crystal quality and p-GaN conductivity have been improved, the 
processing and design of GaN optoelectronic devices become the topical issues. 
The main processes for group Ill-nitride devices are ohmic contact formation, 
dry or wet etching and thin film coating. Ohmic contacts act as electrodes for 
current injection, dry or wet etching is used for patterning the devices, and thin 
film coating is for metal layer deposition of ohmic contacts or etching mask fab­
rication. The design conditions for GaN-based optoelectronic devices includes
4
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F ig u r e  1.3: The publication trends for GaN related research from 1981 to 2002.
current spreading and light extraction. Hence, the device design and processing 
technology can strongly affect the device performance. Consequently, a study of 
these issues is essential.
1.3 D evelopm ent o f Processing and D evice D e­
sign for Group III-N itrides
1.3.1 O hm ic C ontacts for Group III-N itrid es
The research into ohmic contacts for GaN are mainly concerned with exploring 
different metallisation, annealing condition effects, and surface cleaning and mod­
ification. Figure 1.4 shows the publication trend for studies of GaN contacts. It 
is seen that the number of publications has increased steadily since 1994. This is 
consistent with the progress of GaN crystal quality and the availability of p-GaN.
5
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F ig u r e  1.4: T he publication trend of studies of GaN contacts from 1994 to
2000 .
For n-GaN contacts, Lin et al. [10] have achieved a low specific contact resistance 
8 x l0 -6 fhcm2 using a Ti/Al contact which is annealed at 900 °C in N2 for 30 
seconds. Different metals, Al [12], W [13], Cr/Al [14], and ZrN/Zr [15], were found 
to produce ohmic characteristics and contact resistances in the range of 10-4 to 
10-6 D-cm2. Surface modification by Si implantation has been reported and a 
very low specific contact resistance 3 .6xl0-8 Q-cm2 has been obtained [36]. The 
reports indicate the existence of fewer problems in achieving low specific contact 
resistance for contact to n-type GaN.
In contrast, ohmic contacts to p-GaN have been an important issue because 
the low carrier concentration and high work function of p-GaN [35]. Table 1.2 
shows the published processing information on p-GaN ohmic contacts. It is seen 
that Ni-based and Pt-based contacts have low specific contact resistance. In 
practice, Ni-based contacts are the most commonly used metallisation for p-GaN 
because Ni is relatively abundant and cheap. The specific contact resistance is in 
the range of 10-2 to 10-3 fhcm2. Many reports show that the surface cleaning 
and modification by chemicals results in high sensitivity to the p-GaN ohmic 
contacts [19, 27, 28, 29, 30, 26]. The other consideration especially for surface
6







Ni/Au=100/100nm 1.2 xlO"2 750 "C, 1 min, N2 [16]




X 1—1 550°C, 5 min, 0 2 [18]
Ni/Mg/Ni/Si=25/8/25/240nm lx lO -3 350°C, 30 min, N2 [19]
Pt/Ni/Au=20/30/80nm 5.1x10-“ 350°C, 1 min, ambient NA [20]
Pt=25 nm 3 .0 x l0 -5 As grown, (N H ^ S  treated [21]
Pd /  Au=20/ 500nm 4.3x10-“ As-grown, Aqua regia treated [22]
Ta/Ti=60/40nm 7 x l0 -5 800°C, 20 min, vacuum [23]
p-GaAs( C-doped)=200nm 7 x l0 -3 800°C, time &: ambient NA [24]
Ti/Pt/Au/InGaN=15/50/80nm 4.6x10-“ 300°C, 5 min [25]
Ni/p-ARGai-zN 9.3x10-“ 400°C, 5 min, ambient NA [26]
Table 1.2: Published configuration of p-GaN ohmic contacts.
light emitting devices is the requirement for transparent p-GaN ohmic contacts 
because the contacts act as an obstruction to the emitted light. There are only 
a few published studies referring to this issue [31, 32].
1.3.2 E tch ing for G roup III-N itrides
Etching processes have been used to transfer patterns onto a target material since 
the 16th century [48]. This involves the use of etchants for the target materials 
and masking materials which can resist the etchants. Over the last few decades, 
this process was found to be very effective to pattern semiconductor devices. The 
etching for group III-nitrides is particularly difficult because of their high bonding 
energy, 7.72 eV for InN, 8.92 eV for GaN, and 11.52 eV for AIN. Figure 1.5 shows 
the publication trend of GaN etching from 1994 to 2000. This trend is consistent 
with the development of GaN-based devices. In the early stage of research for 
GaN etching, different etching methods, i.e. reactive ion etching (RIE) [36], 
electron cyclotron resonance (ECR) etching [37], and wet etching [38, 39], were 
studied and found that the wet etching gave a very low etch rate and that ECR 
etching was more effective to pattern group III-nitrides but the etch rate of GaN 
was only in the range of 700 A/min. In 1996, Shul et al. [40] first reported
7
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Y ear
F ig u r e  1.5: The publication trend for GaN etching from 1994 to 2000.
inductively coupled plasma (ICP) etching of GaN and an etch rate as high as 
6875 A/min. Since then, ICP etching has been the predominant etching method 
for patterning GaN-related materials.
1.3.3 F ield  E m ission  from Group III-N itr id es
Electron sources have become increasingly important in research and everyday 
life. Cold cathode emitters made of semiconductors are of interest because they 
can be fabricated on small dimensions and precise locations by semiconductor 
processing. They have shown great potential for numerous applications.
Nanotubes are very attractive for cold cathode emitters because of their high 
localised field enhancement effect. Figure 1.6 shows the publication trend of 
nanotube field emission. It is seen that the publication quantity starts to increase 
from 1995 and then draws a lot of attention since then. In 1995, carbon nanotubes 
were found to have a very low turn on field and high current density emission [41, 
42]. In 1999, a fully sealed field-emission display 4.5 inch in size was demonstrated 
using single-wall carbon nanotube-organic binders [43].
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F ig u r e  1.6: T h e publication  trend for nanotube field em ission  from 1994 to
2001.
Group III-nitrides can be used as cold cathode emitters because of their low 
electron affinities [35]. The research has been focused on the field emission char­
acteristics of GaN and AlGaN and into developing processing techniques to lower 
the turn on electric field [44, 45, 46]. The results show that they are potential 
materials for cold cathode electron emitters.
1.4 A im s and O bjectives
This thesis is focused on the development of group III-nitrides processing tech­
niques and associated optoelectronic devices. Emphasis on the process develop­
ment has been placed on transparent ohmic contacts for p-GaN and ICP etching. 
The published research into transparent ohmic contacts for p-GaN is not exten­
sive but such interfaces are very important for surface light emitting devices. 
ICP etching of group III-nitrides has been widely studied but the research is 
fragmented. An experimental design process will be introduced to integrate the 
results of etch rate, DC bias, etched sidewall angle and surface roughness. The de­
sign of group III-nitrides is focused on cold cathode electron emitters and surface
9
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light emitting diodes.
Chapter 2 investigates the transparency mechanism for Ni/Au contacts on p- 
GaN. This has resulted in the development of one novel contact, Ni/Au/ZnO, for 
p-GaN to increase the light transmittance at certain wavelength. A ZnO growth 
technique which involves an ion beam sputtering system and Zn metallic target 
has also been developed. The aim of this growth technique is to fabricate a highly 
conductive ZnO film with a high light transmittance.
Chapter 3 reports on the effect of ICP etching parameters on GaN. The etch 
rate, DC bias, sidewall angle and surface roughness are discussed. The influence 
of Si02 deposition by ion beam sputtering has been also investigated. A minimum 
photoluminescence loss is the objective to be achieved in this study.
Chapter 4 develops a novel method for the formation of GaN nanotubes. These 
nanotubes are characterised by TEM, SEM, XRD, WDX, and AFM. One possible 
application, a cold cathode electron emitter, is explored. A low turn on electric 
field is expected because of the small dimensions of the GaN nanotubes.
Chapter 5 applies the developments made in chapter 2 and 3 into a light emitting 
device. Current spreading for large light emitting diodes has also been investi­
gated.
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Transparent Ohmic C ontact for 
p-G aN
2.1 Introduction
Ohmic contacts are used as interfaces between the current sources and semicon­
ductors. Ideally, there is no current loss at this interface. However, a barrier 
is formed at the interface if there is a mismatch of work functions between the 
contact material and semiconductor. In order to form an ohmic contact, the 
barrier height which is the difference of the work function of contact materials 
and semiconductors has to be reduced, or the semiconductors are heavily doped 
so that the depletion layer becomes thinner and the carriers in the semiconduc­
tors can tunnel through the barrier; a combination of both can be used. The 
following two sections describe the theory of metal-semiconductor contacts and 
the measurement methods for the specific contact resistance.
Transparent ohmic contacts are of interest for surface light emitting devices. 
Conventional metal contacts are used as electrodes for current injection, but part 
of the emitted light can be reflected and absorbed by the metal electrodes and 
thus reduces the light extraction efficiency. Reducing the area of the electrodes 
can increase the light emission, but the current spreading may be worse, resulting
14
C H APTER 2. TR A N SPA R EN T OHM IC CONTACT FOR P-G AN
in a lower current injection to the active regions. In this chapter, a transparent 
Ni/Au/ZnO ohmic contact for p-GaN is proposed as a solution. Through the 
anti-reflection design, the light extraction efficiency can be increased to 15%.
2.1.1 Theory of M etal-Sem iconductor Contacts
Energy Band Description for M etal-Semiconductor Contacts
The electrical properties of solid materials are a consequence of its electron band 
structure which is the arrangement of the outermost electron bands and the way 
in which they are filled with electrons. The band that contains the highest-energy, 
or valence, electrons is termed the valence band (E*,). The conduction band (Ec) 
is the next highest energy band which is virtually unoccupied by electrons under 
most circumstances. Another important concept for the energy band description 
is that of the Fermi level (E/?). It is the energy level in solids at which the 
probability of a state being occupied by an electron is equal to 0.5. The Fermi 
level of a semiconductor varies with the nature and concentration of impurities. 
For a metal, it is related to the density of conduction electrons. When a metal and 
a semiconductor, with no surface states, are brought into contact, the interface 
condition is changed because of thermal equilibrium. The electrons will flow 
from the high-energy side to the low-energy side and thus align the Fermi levels. 
Figure 2.1a shows the energy diagram for an ideal metal -  n-type semiconductor 
contact. (j)m is the metal work function which is the energy difference between 
the vacuum level and the Fermi level; x  is the electron affinity measured from the 
bottom of the conduction band to the vacuum level. The barrier height q$Bn is 
given by
q$Bn = q($m-x)  (2>1)
For an ideal contact between a metal and a p-type semiconductor (Figure 2.1b), 
the barrier height q$Bp is given by
q $ Bp =  E g ~  q{$m ~ X) (2-2)
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q^Bp = Eg - q (O m- X )
F ig u r e  2.1: Illustration of the effect of the gap between a metal and (a) an 
n-type semiconductor, (b) a p-type semiconductor on the energy bands. Note 
that the Fermi level is aligned when the gap is very small (middle figure) or zero 
(left-hand side figure) due to thermal equilibrium.
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Current Transportation Through Metal — Semiconductor Junctions
The current flow across metal-semiconductor junctions is dominated by major­
ity carriers. Assuming that there are no defects at the interface of a metal- 
semiconductor contact, there are three current transport mechanisms involved in 
this metal-semiconductor system,
(1) thermionic emission of carriers across the barrier,
(2) diffusion of carriers from the semiconductor into the metal, and
(3) tunnelling through the barrier.
The thermionic emission theory postulates that only energetic carriers, those
having an energy equal to or larger than the conduction band energy at the
metal-semiconductor interface contribute to the current flow. The diffusion the­
ory assumes that the driving force is diffusion of carriers due to the density 
gradient in the depletion layer. Tunnelling through the barrier takes into ac­
count the wave-nature of the electrons, allowing them to penetrate through thin 
barriers. In a given junction, it is possible to find a combination of all three mech­
anisms. However, practically we may discover that certain mechanisms dominate 
the current transportation.
Schottky Contacts
If a barrier exists between a metal and a semiconductor, the current density
oV
is proportional to a term [exp(— — 1)1, where Va is the applied voltage and
kbT
ks  is the Boltzmann constant [2]. It indicates an asymmetric current -  voltage 
characteristic of the contact. This type of metal -  semiconductor contact is called 
a Schottky contact. Because of the current -  voltage characteristic, it has been 
applied to many electronic devices such as the gate electrodes of a field-effect 
transistor.
The barrier height is varied by the presence of a surface state density. When the 
surface state density is very large, the barrier height is nearly independent of the
17
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metal work function and is given by
q®Bn = (Eg -  q$o) -  qA<S> (2.3)
where $o is the energy level at the surface and A<f> is the image-force-induced 
lowering of the barrier which is dependent on the applied electric field on the 
solid. The origin of the image force can be described in terms of an image charge 
located on the other side of the barrier. This force will have the opposite sign 
compared with the force from the donor atoms. The overall effect is a strong 
electrostatic field towards the solid near the interface.
Take the Schottky effect into account and the barrier height is given by modifying 
Eq.2.1 and 2.2
Ohmic Contact
An ohmic contact is an electrode which has a very small contact resistance com­
pared with the bulk or spreading resistance of the semiconductor. The ohmic 
contact resistance is defined as the ratio of the potential drop across the contact 
versus the current flowing through the contact and is independent of the applied 
voltages. A satisfactory ohmic contact should not significantly perturb device 
performance, and it is able to supply the required current with a voltage drop 
that is sufficiently small compared with the drop across the active region of the 
device. The specific contact resistance is expressed as
q$Bn = q(®m -  x) - (2.4)
q $ Bp = Eg -  q ($ m -  x) -  «A4> (2.5)
(2.6)
where J and V is the current density and applied voltage, respectively.
CH APTER 2. TR A N SPA R EN T OHM IC CONTACT FOR P-G A N
For metal-semiconductor contacts with lower doping concentrations, the 
thermionic-emission current dominates the current transport. The specific con­
tact resistance is given by [2]
where is the barrier height between metal and semiconductor, A* is the ef­
fective Richardson constant for thermionic emission and given by 47rqm*k2/h 3, 
where m* is the effective mass of electron/hole for the semiconductor.
For contacts with a higher doping level, the tunnelling process will dominate and 
the specific contact resistance is given by [2]
where es and Np  is the semiconductor permittivity and donor impurity density, 
respectively.
It implies that in the tunnelling regime the specific contact resistance is depen­
dent on doping concentration and varies exponentially with the factor ( ■. ■ - I .
\ v N d J
According to Eq.2.2 and 2.8, it is found that high doping concentration and high 
metal work function can be used to obtain low specific contact resistance for a 
metal-p-type semiconductor system.
2.1.2 M easurement M ethods o f Specific Contact Resis­
tance
The measurement of contact resistance is based on the transmission line method 
(TLM). The commonly used test pattern has either rectangular or circular ge­
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different spacing, d*. The total resistance (R ) between two contact pads becomes
where R c and R s is the contact resistance and sheet resistance, respectively. It
R
is seen that the total resistance is linearly dependent on the slope (Figure
R
2.3a). The intercept of di axis is 2Lt , where Z  • —1- =  L^. The specific contact
R s
resistance (R s) is then given by
Pc — R c  ' Z  - L t  — R s L t 2 (2.10)
In the rectangular TLM model, the current flow dispersion at the contact edge 
significantly affects the results of the contact resistance measurement [3]. It can 
be improved by use of the circular transmission line model (CTLM) [3, 4]. Figure 
2.2b shows the pattern used in CTLM. The current flow through the contact and 
the voltage drop parallel to the interface are given by
d . =  V(2* r _ dr)  (2 U )
Pc
dK =  d r ^
2ir r
where i is the current and V  is the voltage. From these two equations one can 
obtain
d V  ld K  V  „
d ^  +  r d 7 “ I ^ - °  (2 ' 13)
~ y  R t
for the current flow z(0) =  0, i(ro) =  zq, z(ri) =  io and z(oo) =  0, the voltage
where L'T =  Solving this equation by applying the boundary conditions
ft
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difference A V  across the spacing is given by
A y  = ioRs 
27r ln( - )\ r 0/
L'rpIo(r q/Ly) L't K q{t\ /  L't )
I t  /  /  -r / \ 1r0Ii(r0/L'T) r iK i{rilL 't ) J (2.14)
where /o, i^ O) A and K \ are modified Bessel Functions of the first and second 
kind, respectively; ro and 7*1 are the radii (Figure 2.2 b). When 7*0 and 7*1 are 
greater than LT at least by a factor of 4, both /o/^i and K q/K \  approximate to 





27r To. Ti ro.
(2.15)
In this measurement, the central circle has t 
Differentiating Eq. 2.15 respect to the term




27r \  T\
(2.16)
L t is approximateBecause r\ is designed to be much larger than L t , the term 
to zero, implying a reasonable approximation tha t R  is only the function of 
Plotting the total resistance obtained from different r\ values against- s .
H i
the R s and pc can be obtained (Figure 2.3b).
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3: Plot of the total resistance against (a) spacing di in TLM pattern
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2.1.3 n-G aN Ohmic Contacts
Current injection into semiconductor electronic devices is normally achieved 
via electrodes deposited on the semiconductors. In order to obtain ohmic 
current-voltage (I-V) behaviour there should be no barriers, or very thin depletion 
layers formed for tunnelling of carriers between semiconductors and electrodes. 
If a barrier is present, heat will be generated by the scattering of carriers during 
current injection and consequently a reduction in device lifetime will result.
High quality GaN films are very important for the fabrication of devices. An 
unintentionally doped GaN film shows n-type conductivity with a donor concen­
tration of more than 1019 cm-3. The origin of the donors is thought to be the 
nitrogen vacancies and/or residual impurities [5]. However, the quality of these 
films is not good enough for device applications. An AIN buffer layer was found 
to be very effective to achieve this goal, but the GaN film grown on the top of 
the AIN demonstrates a low donor concentration, less than lx lO 16 cm-3, with 
the resistivity more than 1 fhcm at room temperature. This issue can be solved 
by doping other impurities into the GaN film. It has been found that Si is a 
very effective dopant for n-GaN [6]. The donor concentration has been improved 
to 2 x l0 18 cm-3 with a resistivity of 0.01 fhcm. The ionisation ratio for Si is 
increased with the increase of Si concentration, but the surface morphology may 
deteriorate.
The electron affinity (x) of GaN has been measured to be 3.3 eV [28]. One can 
deduce that the work function of n-GaN (</>s) is very close to 3.3 eV because the 
Fermi level (E f ) of n-GaN is in the range of 30 -  70 meV, which is very close 
to the conduction band level (Figure 2.4). After a metal and n-GaN are brought 
together, the barrier height is deduced to be <?(</>m — 3.3). Theoretically, ohmic 
contact behaviour can be obtained by using the materials which have their work 
function equal to or less than 3.3 eV. Figure 2.5 shows the work function of the 
commonly used metals. It is seen that most of metals have a work function in 
the 4 -  5 eV range, indicating the presence of a barrier between metals and n- 
GaN. However, increasing the donor concentration can transfer the mechanism 
of carrier transportation from thermionic to tunnelling, when the carriers can 
tunnel through a thinner depletion layer (Figure 2.4b).
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F igure 2.4: Band diagram of n-GaN and metal (a) before contact, and (b) after
contact.
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F igure 2.5: Work function of commonly used metals.
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F igure 2.6: Microstructure of a Ti contact on n-GaN (“A” is the amorphous
layer) [30].
Ti-based metal contacts are the commonly used electrodes for n-GaN. In the work 
of Luther et al. [29], Ti (150 nm) annealed at 800 °C in N2 ambient pressure 
for 1 minute can achieve a low specific contact resistance 4 x l0 -6 STcm2. Before 
annealing, the contact has shown an ohmic I-V behaviour. However, the work 
function of Ti is 4.33 eV, which is higher than the value of GaN 3.3 eV, indicating 
the presence of a barrier. The ohmic behaviour then may be due to the surface 
states generated during annealing and the high donor concentration (> 1018 cm-3) 
of n-GaN, resulting in a tunnelling regime for the carrier transportation between 
Ti and n-GaN. The high annealing temperature may decompose GaN and the 
removed nitrogen atoms react with Ti to form TiN. More nitrogen vacancies are 
generated at the surface, which can act as donors for n-GaN. Consequently a n+- 
GaN layer is formed and tunnelling of carriers is possible. The result of annealing 
Ti in Ar ambient pressure showed that Ti reacts with the N atoms of GaN and 
forms TiN (Figure 2.6) [30].
W-based contacts for n-GaN have gained attention because of their thermal sta­
bility. The specific contact resistance for n-GaN is in the range 2 .6x l0 -6 f2-cm2 
to l .lx lO -4 Q-cm2 after annealing at about 1000 °C [32]-[34]. At such a high 
temperature nitrogen atoms in the GaN are easily removed and the compound de­
composed [35]. Using Si implantation to increase the high electron concentration 
in shallow layers is an alternative method to achieve a low specific contact re­
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sistance for n-GaN [36, 37]. However, the high activation annealing temperature 
(~1150 °C) of Si may result in a problem of decomposition for GaN [35].
In general, a low specific contact resistance in the range of 10-6 fi*cm2 for n- 
GaN has been achieved using a Ti/Al contact [29, 30]. W-based contacts show 
high thermal stability with a specific contact resistance ~10-6 fhcm2 [32]-[34]. 
The achievement of a low specific contact resistance is mainly attributed to the 
simplicity of n-GaN doping [6].
2.1.4 p-G aN Ohmic Contacts
Development of an ohmic contact for p-GaN with a low specific contact resis­
tance is a very important issue for the development of III-nitrides optoelectronic 
devices. For example, the operating current density for a GaN laser is as high as 
4.8 kA/cm2 [7], which can generate massive heat from the interface of the metal 
and p-GaN and consequently limits the device lifetime. Nakamura et al. [8] has 
found that the heat enhances the metal migration through threading dislocations, 
which may electrically short the p-n junction. According to metal-semiconductor 
contact theory, the methods available for lowering the specific contact resistance 
are to increase the hole concentration and to use high work function metals. 
However, it is very difficult to obtain high hole concentrations because of the 
difficulties of incorporation of Mg and activation of the Mg dopant. Figure 2.7 
demonstrates the band diagram of the metal and p-GaN contact. Because of the 
low acceptor concentration for p-GaN (~1017 cm-3), the depletion layer is thick; 
hence the thermionic emission across the Schottky barrier is the dominant mech­
anism for the carrier transportation (Figure 2.7b). In addition, an automatic 
ohmic behaviour only can be obtained using a metal which has a work function 
higher than 6.6 eV. Unfortunately, there is no such known metal (Figure 2.5).
Considerable effort has been put into investigations of metallisation to lower the 
specific contact resistance of p-GaN ohmic contacts. Ni/Au with a total thickness 
of 8nm - 20nm has been widely used as the standard metal contact [11]. Ni [19], 
Au [19], Pd [44], P t [50], Pd/A u [14], Ta/T i [15], P t/N i/A u  [16], and P d /P t/A u
[18] have been investigated under the different annealing conditions and surface
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F ig u r e  2.7: Band diagram of p-GaN and metal (a) before contact, and (b) after
contact.
treatments.
One important issue has been raised concerning the growth of p-GaN. During the 
metal-organic chemical vapour deposition (MOCVD), the introduction of hydro­
gen is necessary for carrying metalorganic sources to the reactor and improving 
film quality. It has been found that the low p-type doping efficiency in the 
as-grown p-GaN is attributed to the formation of electrically inactive acceptor- 
hydrogen complexes [41]. For the as-grown p-GaN, only a fraction of Mg atoms 
acts as acceptors to compensate the presence of native or impurity-related donors. 
Gotz et al. [9] have investigated the activation of acceptors in Mg-doped GaN 
in the temperature range 500 °C -  775 °C. For the as-grown p-GaN, the re­
sistivity was as high as 1010 Q-cm. After annealing at 775 °C, the resistivity 
was dramatically reduced to 3 fhcm. This improvement of p-GaN resistivity was 
mainly attributed to the dissociation of acceptor-hydrogen complexes rather than 
removal of separate compensating donors.
Another approach to obtain a high hole concentration is to increase the con­
centration of the Mg dopant. Kozodoy et al. [42] has studied the heavy doping 
effects in Mg-doped GaN. The hole concentration was increased to a certain value 
and then decreased while increasing the Mg dopant concentration. The observed 
compensation between donors and acceptors rose dramatically as the dopant level
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was increased. This compensation is believed to be due to native donors and/or 
Mg-related states. However, the increase of Mg dopant concentration can effec­
tively lower the activation energy. For the most heavily doped sample a severe 
degradation of the surface morphology, consisting of densely packed hexagonal 
pyramids, was observed.
Beside the improvement of p-GaN doping, different metal contacts for p-GaN 
have been examined. Fung et al. [43] investigated the electrical characteristics of 
Co, In, Mg, Mn, Ni, and Zn, each with a Au overlayer deposited on the p-GaN. 
For all the metals, none of the I-V characteristics is completely linear even after 
annealing. The specific contact resistance was found to be dependent on the work 
function of the metal, indicating the absence of Fermi level pinning. Koide et al.
[10] characterised the P t, Ni, Pd, Au, Cu, Ti, Al, and Ta contacts for p-GaN and 
similar results were observed.
The Ni/Au contact is still considered to be a cheap and effective electrode for p- 
GaN. Many reports show that this contact is very sensitive to the film thickness, 
annealing temperature and ambient atmosphere. Ho et al. [38] found that an 
annealing process in oxygen can dramatically improve the Ni/Au contact. The 
authors demonstrated that annealing at 500 °C in air introduced the formation 
of a mixture of crystalline NiO, Au, and amorphous Ni-Ga-0 phases [39]. Small 
voids adjacent to the p-GaN film were also observed. During the annealing pro­
cess, Ni atoms diffuse through the Au film onto the surface and react with oxygen 
to form NiO (Figure 2.8). Subsequently, the Au atoms were pushed down to form 
a Au-Ni alloy. It has also been discovered that different Ni/Au layer thicknesses 
gave different specific contact resistance [38]. Later studies found that a different 
thickness of Ni/Au gave the different bonding length for the Ni-0 which affects 
the hole concentration of the Ni-0 film [40]. This result suggested that the im­
provement of the oxidised Ni/Au contact for p-GaN may be due to the enhanced 
hole concentration at the Ni site.
Surface cleaning has been found to be very critical for the p-GaN ohmic con­
tact; the presence of an oxide layer formed on the p-GaN surface can act as a 
barrier for carrier transportation. Buffered HF, KOH, aqua regia (HNOsiHCl =  
1:3), (N H ^S z and HC1 have been used to clean the p-GaN surface [12, 48]. A 
reduction of the native oxide layer was observed using these surface cleaning tech-
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F igure 2.8: TEM picture of the Ni/Au/p-GaN film annealed at 500 °C for 10
minutes in air [38].
niques. (N H ^S^ was not only found to effectively remove the native oxide layer, 
but also an increase in hole concentration was observed [47]. Pt-based contacts 
have been found to be very greatly affected by the (N H ^S^ surface cleaning [13]. 
The specific contact resistance was decreased by three orders of magnitude after 
cleaning with alcohol-based (NH4)2SX.
Kumakura et al. [51] used a thin strained InGaN layer to modify the p-GaN 
band structure. Because of the elastic strain, a very strong piezoelectric field is 
induced at the interface of the InGaN and p-GaN. An optimised InGaN thick­
ness for lowering the specific contact resistance was 2nm. Another advantage of 
this strained InGaN layer is its high hole concentration and low work function. 
A Pd/Au contact deposited on this InGaN strained layer showed a linear I-V 
characteristic, indicating ohmic I-V behaviour. Higher specific contact resistance 
was observed using a thicker InGaN layer. The strain-induced piezoelectric field 
may well disappear due to the lattice relaxation with thicker InGaN films.
2.1.5 Transparent p-G aN  C ontacts
The realisation of a highly transparent p-GaN ohmic contact is particularly im­
portant for the light extraction from LEDs. However, the range of thickness 
of metal contacts is typically 20 nm -  150 nm, producing non-transparent lay­
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ers. A highly transparent Ni/Au contact with thicknesses of 2nm/6nm has been 
obtained with 88% transmittance at 470 nm wavelength [19]. The specific con­
tact resistance was found to be 1 .7xl0-2 O-cm2. Before annealing, the light 
transmittance was approximately 50%. When the annealing temperature was 
increased to 400°C, the light transmittance was increased to 60%. A further in­
crease of temperature to 450°C dramatically improved the transmittance to 83% 
light transmittance. Hence, the annealing process affects the light transmission.
Potential candidate materials for the transparent electrodes would be indium 
tin oxide (ITO) and ZnO. Both have a high light transmittance (>90%) in a 
wavelength range from 450 nm to 500 nm. The work function of ITO is 4.4 
eV , which is not high enough to achieve ohmic contact behaviour for p-GaN
[49]. ZnO has a similar work function to ITO, but has several advantages -  high 
conductivity, inexpensive and abundant. In this chapter, ZnO will be considered 
as an electrode to try  achieving a highly transparent ohmic contact.
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2.2 Mechanism of Transparency for Annealed  
N i/A u  Contact
2.2.1 Waves in Thin Film System
For the simulation of light travelling in a thin film system, the most useful method 
is to solve Maxwell’s equation. For isotropic and homogeneous media, these are:
div D =  
div B =  
curl E  =






(2 .2 0 )
The meanings of symbols are listed below:
Symbol Description
D Electric displacement, = ereoE
H Magnetic intensity, = B / p rpo
B Magnetic field
E Electric field
J Electric free current density, =crE
a Conductivity
P Electric free charge density
t Time
£o Permittivity in vacuum
Relative permittivity
P'S Permeability in vacuum
pr Relative Permeability
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Assuming that there is no space charge in the medium, i.e. div D =  0, one can 
obtain the following equation from Maxwell’s equations [17]:
52E dE
V 2E  =  SreoflrfJ’O-rjj- +/Ur/io<T—  (2.21)
One solution for this equation is of the form [17]
E  =  E 0exp\ju(t — -)]  (2.22)
X
where Eo is the incident electric field, v is the velocity in a medium and [juj{t )]
is the displacement at time t after a disturbance, created by the electric field at 
a point situated at x  along the line of propagation.
The velocity of propagation through the medium of complex refractive index 
N  =  n —j k  is related to the speed of light in a vacuum, c, by v= c/N . Substituting 
this into Eq. 2.22 one can obtain
„  „  , uh  . r /  u n  \ i
E  =  E 0exp( re) exp j  \ u t  x j  (2.23)
where n is the refractive index and k is the extinction coefficient. Physically, the 
real part, which is the function of k in the complex refractive index, represents 
the damping situation of the wave, while the imaginary part, which is related to 
n in the complex refractive index, represents the phase change of the wave.
2.2.2 Reflectance
When plane waves are incident on a boundary between two different media, some 
of the incident energy is transmitted and some is reflected (Figure 2.9). The 
energy reflection coefficient, or reflectance, is described below.
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F ig u r e  2.9: Illustration of the reflection.
From Eq. 2.20, Eq. 2.21 and Eq. 2.23 one equation can be obtained [66]:
H  =  N (t x E) (2.24)
where r=  a i +  /?j +  7 k is an unit vector along a propagation direction of a plane 
wave. For the positive-going and negative-going wave, Eq. 2.24 becomes
H j =  JV0( ix E 0+) 
H„“ =  jV0(—i x Eq ) 
H , =  N i{x Ej)
Applying the boundary conditions, the conservation of the tangential component 
of E and H at z=0,
Ei — E+ "f" Eq at x  — 0
Hi =  Hq +  Hq at x = 0
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so that
N i (i x E ,) =  JV0(i x E j  -  i x E 0 )
iVj E i =  W o (E j-E o )
_ N o - N ,
■ t in  —    T T - t i n
N q +  N i
N 0 ~  N i
The term ( — — ) is the amplitude reflection coefficient. From the expression
for the Poynting vector the energy reflection coefficient or reflectance, R , is give 
by
R = f (2.25) 
\  N q + N\ J  \  No -\- N \ )
where * is the complex conjugate.
2.2.3 Interference
In a thin film system, the incident light (4/*) is reflected at the interface between 
the incident medium and thin film (4>i), and is reflected from the interface be­
tween the thin film and substrate (\J/2). When \I/ 2 enters into the incident medium 
and meets ^ 1 , the two waves experience constructive (Figure 2.10a) or destructive 
interaction (Figure 2.10a). This phenomenon is called interference. Substituting 
uj = 2ir /  and c =  /A, where /  and A are the frequency and wavelength of a plane 
wave, respectively , to Eq. 2.23, the electric field is in the form of
_  _  , u k  .
E  =  E 0  expf x) exp
c
. (  2nir 
j I u t  — x (2.26)
From figure 2.10 it is seen that the phase difference for constructive and de­
structive interference is mir and ( m + l / 2 )7r, respectively, where m  is an integer.
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F ig u r e  2.10: Illustration of the interference of (a) constructive and (b) destruc­
tive.
According to Eq. 2.26, the condition is given by








m  +  - 7T
1 \  A 
m  +  2  ) 2 n
(2.28)
for destructive interference. These conditions are valid only if n* < n / < ns or
Ui > rif > ns.
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F igure 2.11: Setup for the simulation of light transmittance.
2.2.4 O ptical S im ulation for N i/A u  C ontact on G aN
Optical simulation for a Ni/Au film is based on the theory described above. 
One suite of optical simulation software, Essential M acleod (Version 8.5c), 
was employed for calculation of the transmittance of the Ni/Au layer (Figure 
2.11). Table 2.1 shows the optical properties used in this simulation. The optical 
properties of GaN were taken from the study of Yu et al. [20] and Ambacher 
et al. [21]. ZnO optical properties were adapted from the work of Dumont et 
al. [22]. In this simulation, the normal incidence of light from GaN film was 
assumed.
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O ptical P ro p e rtie s  of Au O ptical P ro p e rtie s  of Ni
W avelength Refractive Extinction W avelength Refractive Extinction
(nm) Indices Coefficient (nm) Indices Coefficient
2 0 0 . 0 0 1.43 1.215 440 1.56 2 . 6 8
450.00 1.40 1 . 8 8 470 1.7 2.857
470.00 1.176 1.9688 540 1.85 3.27
500.00 0.84 2 . 1 0 2 660 2.06 3.89
550.00 0.33 2.324 775 2.43 4.31





O ptical P ro p e rtie s  of G aN O ptical P ro p e rtie s  of ZnO
Wavelength Refractive Extinction W avelength Refractive Extinction
(nm) Indices Coefficient (nm) Indices Coefficient
375 2.51 0.011966462 400 2.19 0.00625
406 2.46 0.006493999 412.5 2.14 0.0035
437.5 2.435 0.00351633 425 2.09 0.00625
469 2.405 0.00447862 450 2.06 0.00625
500 2.41 0.002347535 462.5 2.045 0.00625
562 2.35 0.001811263 475 2.03 0.00625
625 2.34 0.00109419 487.5 2.024 0.00625
6 8 8 2.32 0.001040237 500 2.0125 0.00004




T a b l e  2.1: Optical properties of Ni [66], Au [66], GaN [20, 21] and ZnO [22].
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F igure 2.12: Simulated light transmittance of (a) Au and (b) Ni film for the
thickness 1 -  5nm.
The light transm ittance of either single Ni or Au film on the GaN film was simu­
lated for the thickness range 1 - 5  nm. Figure 2.12 dem onstrates the simulation  
results. It is seen that a light transm ittance of 69% and 57.7% was obtained for 
Au and Ni having a thickness of 5 nm, and this decreased with increasing the 
thickness. According to Eq. 2.27 and Eq. 2.28, the minimum thickness for the 
presence of interference in the wavelength larger than 400nm has to be 143nm  
for Au and 133nm for Ni, which is much larger than the thickness of 5nm for the 
simulation. Based on Eq. 2.26, the contribution to the decrease of light trans­
mission is from the real part, which represents the light absorption. In addition, 
the light transmission of Ni is lower than that of Au due to the higher extinction  
coefficient.
In practice, the N i/A u  film can be highly transparent (~80% ) after anneal­
ing in N 2 atmosphere [19]. During annealing, Au will diffuse through Ni 
and reach the GaN surface [1]. One simplified sim ulation which assumed 
that the N i/A u  =  5nm /5nm  film was transformed to A u /N i/A u /N i/A u  =  
ln m /2n m /2n m /3n m /2n m  was conducted. According to Eq. 2.25, the reflectance 
between Au and Ni film is only ~0.4%  for the wavelength of 400nm to 700nm, 
indicating that the absorption is the dominant factor for light transm ittance. It 
implies that the total thickness of N i/A u  film is the main contribution to the light 
transmission, indicating that the increase of light transm ission for the annealed 
N i/A u film [19] may be due to the change of the film thickness.
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2.2.5 Surface M orphology of N i/A u  After Annealing
In order to examine the change of surface morphology, a Ni/Au =  5nm/5nm 
film was deposited onto GaN by thermal evaporation. This thickness was chosen 
because it can be used to compare with the work of Sheu et a l [19]. The annealing 
was conducted in a tube furnace at 500 °C in N2 ambient for 10 minutes. AFM 
was used to characterise the surface morphology of the as-grown and annealed 
Ni/Au film.
Figure 2.13a shows the as-grown Ni film on p-GaN. The RMS surface roughness 
was measured to be 0.58 nm, indicating continuity of the Ni film. Subsequently, a 
Au film was deposited on the Ni film (Figure 2.13b). The surface roughness was 
measured to be 0.55 nm, demonstrating uniform deposition of the Au film. The 
Ni layer has rounded grains with a typical size of 20 nm. This rounded structure 
may be due to the initial nucleation process of the Ni film. After the deposition 
of the Au layer, the surface morphology remained similar. The sample was then 
annealed at 500 °C in N2 for 10 minutes (Figure 2.13c). It is seen that the small 
rounded structure of the as-grown Ni/Au layer has changed to form an island 
structure.
According to the simulation results, the main contribution to the high light trans­
mission in the Ni/Au contacts is the decrease in thickness of the Ni/Au films. 
From the AFM image it is seen that the Ni/Au film formed open areas after 
annealing, indicating the decrease of the thickness in these areas. These results 
suggested that the high light transmission may be due to the formation of the 
open areas exposed by the change in the Ni/Au structure.
2.3 Developm ent of N i/A u /Z n O  Transparent 
Contact for p-GaN
Ni/Au was found to be highly transparent after annealing; the measured trans­
mittance was in the range of 70% -  80% in the visible light range. One anti­
reflection coating on top of the Ni/Au can extract even more light from LEDs.
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F igu re  2.13: AFM  image of the (a) as-grown Ni (5nm ), (b) as-grown N i/A u  
(5nm /5nm ) and (c) annealed N i/A u  (5nm /5nm ) film.
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However, this anti-reflection layer itself needs to be highly transparent at the 
emission wavelength range and also to be electrically conductive.
ZnO is a potential material for the development of transparent contact for p-GaN. 
The synthesis processes of ZnO can be sol-gel [23], MOCVD [24], ion sputtering 
[25], or e-beam evaporation [26]. It is a semiconductor with a bandgap of 3.2 eV
[63] and both n-type and p-type ZnO are available [62]. The melting point of 
ZnO is 1800 °C [31], indicating its thermal stability. In addition, the processing 
of ZnO is relatively simple since wet or dry etching is possible [52, 53].
2.3.1 ZnO Growth by Ion Beam Sputtering  
Introduction
Several techniques allow growth of poly-crystalline ZnO with the preferred ori­
entation (002) [57, 23, 26]. This poly-crystalline film with some additives, eg. 
Bi and Sb, shows non-linear I-V characteristics and has been used to fabricate 
varistors [55]. The unintentionally doped ZnO itself is an n-type semiconductor 
and Al has been found to be an effective dopant for increasing the donor concen­
tration and has a minor effect on the optical transmission [54]. The resistivity 
of the Al-doped ZnO film is normally in the range of 10- 3  fTcm and the opti­
cal transmission in the visible range is about 90%. The donor concentration is 
typically 1019 cm - 3  with a Hall mobility 10 -  20 cm2 /V-s.
It is difficult to dope p-ZnO because the donor level is very deep so that even low 
thermal energy can excite donors into the valence band. In 1999, Yamamoto et 
al. [56] proposed a codoping method, which use nitrogen atoms to replace two 
of the 16 sites of the oxygen atoms and one of group III elements to replace one 
of the 16 sites of the Zn atoms, as a solution for p-ZnO fabrication. In the same 
year, this method was successfully realised by Joseph et al. [57] and a reasonable 
resistivity ( 2  STcm) and hole concentration (4x 1 0 19 cm-3) was obtained by pulsed 
laser deposition. A Ga-doped ZnO target was used and another dopant N formed 
by passing N2 O gas through an electron cyclotron resonance plasma source. In 
this codoping method, both Ga and N dopants are doped at the same time and the
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substitution of nitrogen at the appropriate site in the ZnO lattice is stabilised 
by the formation of N-Ga-N type bonds. It effectively reduces the repulsive 
interaction of N acceptors, leading to the enhancement of the acceptor doping. 
In 2000, a ZnO p-n junction was fabricated [58]. A diode I-V characteristic 
and white-violet electroluminescence at a wavelength range 370 -  380 nm was 
obtained.
The synthesis process for ZnO film can be varied. The sol-gel processes for the 
synthesis of ZnO films is attractive because it has the advantage of the elimination 
of the need for a vacuum, and the potential for preparing large area and non-flat 
substrates [23]. The resistivity of Al-doped sol-gel film has reached 5 x 10- 3  fhcm. 
However, this process involves heating to high temperatures, which involves the 
possibility of damaging devices. In addition, residual organic constituents and 
film uniformity are the other issues. E-beam evaporation is well known to be clean 
and gives a very uniform deposition. Ma et al. [26] have studied the Al-doped 
ZnO film deposited by e-beam evaporation. The resistivity of this Al-doped ZnO 
film was 5 x l0 - 3  fhcm with a donor concentration of 1 0 19 cm-3, which is very 
close to the values for the film coated by the sol-gel technique.
Much effort has been devoted to the sputtering deposition of ZnO films because 
this deposition method gives good uniformity for the films and is a simple method 
for doping. Kim et al. [59] have investigated the Al-doped ZnO film prepared 
by RF magnetron sputtering. The targets used in their study were ZnO sintered 
with different AI2 O3 weight percentage additions. Structural analysis showed a 
preferred ZnO (002) orientation and most of Al atoms were substituted in the Zn 
sites. This Al-doped ZnO film had a grain size of 0.1 -  0 . 2  fina when grown at room 
temperature and ~0.6 fim  when grown at 150 -  300 °C. The electrical properties 
were found to be strongly affected by the substrate temperature and working 
pressure. Higher substrate temperature resulted in a higher resistivity, whereas 
the lower working pressure gave a lower resistivity. The electrical measurements 
demonstrated a low resistivity, 4 .7 x l0 - 4  fhcm, with a donor concentration of 
7.5 xlO 20 cm - 3  using a 3 wt% AI2 O3 target. In the optical measurement, it 
showed a minor effect for the light transmission at the wavelengths, 450 nm.
The oxygen and substrate temperature has a significant effect on the ZnO struc­
tural, electrical and optical properties. Subaramanyam et a l [63] investigated
4 2
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these two effects for the ZnO film grown using a DC reactive magnetron sputter­
ing system. A Zn metallic target with a purity of 99.99% and glass substrates 
were used in their study. The XRD data showed a ZnO (002) preferred orien­
tation for all samples. The samples grown at low oxygen partial pressure had 
metallic characteristics and the optical transmittance was 50% less in the visible 
light range. After the Zn signal in XRD data disappeared, a further increase of 
oxygen partial pressure showed a reduced effect on the optical transmission. At 
a low substrate temperature, a mixed phase of Zn and ZnO was observed but the 
intensity of ZnO (0 0 2 ) was increased with increase in the substrate temperature.
Ion beam sputtering deposition is the alternative for thin film coating. It permits 
the independent control of beam energy, direction, and current flux. However, the 
operating pressure is very low ( ~ 1 0 - 4  torr), demonstrating the high energy of the 
sputtered particles. Quaranta et al. [60] have studied ZnO films sputtered from 
a ZnO target by a dual ion beam sputtering system. The possible contamination 
elements, e.g., molybdenum, argon, or iron, was examined and none of these 
elements were discovered in the ZnO films. The stoichiometry of the ZnO film 
was found to be strongly dependent on the oxygen irradiation by the second ion 
gun. According to the XRD data, the ZnO (002) preferred orientation, with a 
grain size of ~10 nm, was observed. The (002) peak was shifted to a lower value 
of 29, indicating the presence of compressive stress. These deposited ZnO films 
had a resistivity in the range of 10- 3  to 105 fhcm. The optical properties were 
also found to be significantly affected by the oxygen irradiation. The results 
are similar to those of the ZnO films grown by RF magnetron sputtering. The 
thermal stability was examined by the authors [61]. After annealing the ZnO 
films, which were irradiated by hydrogen, at 200 °C in air, the resistivity of the 
ZnO films remained identical, indicating high thermal stability .
Recently, Xiong et al. [62] reported their ability to fabricate p-ZnO and n-ZnO on 
a Si (001) substrate by a DC planar magnetron sputtering system. The resistivity 
of the p-ZnO film has achieved 3 O-cm with a hole concentration of 9 x l0 17 cm-3. 
One p-n junction has been fabricated and a turn-on voltage of IV was observed. 
The control of p-type and n-type conductivity was achieved simply by controlling 
the oxygen partial pressure. While increasing the oxygen partial pressure, the 
carrier concentration of n-ZnO decreased to less than 1015 cm - 3  and the film 
was then transformed to p-type with further increase of oxygen partial pressure.
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However, the formation mechanism of p-ZnO has yet to be explained.
For ZnO thin film fabrication, ion beam sputtering is a good method to control 
the film thickness, uniformity and flow rate of additional reactive gases. Because 
substrate temperature and O2 partial pressure have significant effects on the ZnO 
film properties, the investigation of these two factors for the ZnO films grown by 
ion beam sputtering is needed. However, a detailed study for the ZnO film grown 
by an ion beam sputter system using a Zn metallic target and glass substrate is 
still absent. The following experiment was undertaken to investigate the effect of 
substrate temperature and O2 flow rate on the structural, electrical and optical 
properties of the ZnO film.
Experiment
The unintentionally doped ZnO films were deposited on glass substrates by a 
Nordiko Dual Ion Beam Sputtering System (Figure 3.15). Before deposition, the 
chamber was evacuated to ~  10- 8  torr. The purity of the Zn metallic target 
was 99.99%. The Ar flow rate of the ion gun was kept to 50 seem. The sub­
strate temperature was maintained at room temperature while growing the ZnO 
film in a flow rate of 2 -  8  seem (ZnO [O2 =  2 - 8  seem]). The O2 flow rate 
was fixed at 6  seem while growing the ZnO film at a substrate temperature of 
20 °C -  400 °C (ZnO [Ta =  20°C -  400°C]). The chamber pressure was main­
tained at ~  2 x 10- 4  Torr, which varied slightly with any change in the O2 flow 
rate. Transmission Electron Microscopy (TEM), X-ray Diffractometry (XRD) 
and Wavelength Dispersive X-ray Spectrometry (WDX) were employed for the 
structural studies. The TEM samples were prepared by depositing the ZnO film 
onto sodium chloride (NaCl) substrates and the ZnO film later removed in wa­
ter. Hall mobility and carrier concentration were measured by the van der Pauw 
four-probe method.
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Results and Discussion
Structural Properties
The Zn content of the ZnO grown in the different O2 flow rates and substrate 
temperatures is shown in Figure 2.14. It is seen that the ZnO films remain nearly 
stoichiometric until the O2 flow rate is less than 4 seem. This may be attributed 
to the reduced amount of O2 reacting with Zn metal before deposition. The 
increase in substrate temperature results in a higher Zn content in the ZnO film. 
There was a dramatic increase observed as the substrate temperature increased to 
higher than 220 °C. Similar effects have been discovered in the ZnO film grown by 
RF magnetron sputtering using a ZnO target [64]. The authors suggested that the 
higher substrate temperature provides enough energy for the Zn-0 bond breaking. 
In this experiment, the Zn target may also have contributed to this discovery. 
The majority of the sputtered Zn particles react with oxygen in the chamber and 
form ZnO particles. However, some Zn particles are directly deposited on the 
substrate without reacting with oxygen. At high substrate temperature, these 
Zn particles obtained enough energy to form a large grain before they react with 
oxygen. Hence, it results in a Zn-rich ZnO film at high substrate temperature.
A preferred orientation (002) ZnO was observed for O 2 flow rates higher than 
3 seem and high substrate temperature samples. This observation is similar to 
the ZnO films grown by different methods [60, 63]. Figure 2.15 shows the XRD 
spectra for ZnO prepared at different O2 flow rates. ZnO crystalline growth was 
observed when the O2 flow rates were higher than 3 seem and the films formed 
with a preferred (002) orientation. No (002) peak shift was observed with increase 
of the O2 flow rate, indicating the absence of induced strain at by higher oxygen 
flow rates. Figure 2.16 demonstrates the XRD spectra for the samples grown at 
different substrate temperatures. It is seen that the (002) peak intensity becomes 
stronger and the ZnO (004) peak is seen to be present and gets stronger when 
the substrate temperature is increased. However, the ZnO film grown by the 
DC magnetron sputtering method on a glass substrate using a Zn metallic target 
showed a different growth pattern [63]. ZnO (102) and (200) XRD peaks were 
found at low oxygen partial pressure and diminished with further increase of 
the oxygen partial pressure. A further increase of substrate temperature from
4 5
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F igu re  2.14: Zn content measured by W DX for a ZnO film grown at different 
O2 flow rates and substrate tem peratures.
275 °C to 350 °C gave a diminished ZnO (102) peak which then disappeared 
at a temperature above 390 °C. The different growth pattern may be due to  
the different bombardment energy of ZnO and Zn particles toward to the glass 
substrate. The (002) peak was shifted from 33.82° for ZnO [Ta =  20°C] to 34.2° 
for ZnO [Ta =  400°C], indicating that a significant compressive strain had been 
built up when the substrate temperature was increased. This may in fact be due 
to the thermal m ism atch between the substrate and ZnO film as it is grown.




D 9 =  (2-29)
where A is the wavelength of X-ray, (3 is the FW HM , and 0 is the Bragg angle. 
Figure 2.17 shows the FWHM as a function of substrate tem peratures and O2 
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F igure 2.15: XRD spectra of ZnO film grown at different O2 flow rates. Note
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F igure 2.16: XRD for Substrate temperature effect. Note that the
O2 flow rate =  6 seem.
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decreased dramatically for ZnO [O2 =  5 seem]. The grain size was retained at a 
similar size while increasing the O2 flow rate to more than 5 seem. The FWHM 
for ZnO [Ts =  20 °C -  400 °C] shows that the increase of substrate temperatures 
induced the most significant grain growth. It is also worth noting that the stresses 
generated in the ZnO thin films contribute to X-ray broadening and so to a 
decrease in D values. Thus, the real grain size would be expected to be somewhat 
larger than the calculated value. Figure 2.18 shows the TEM pictures of ZnO 
[O2 =  4 seem], ZnO [O2 =  6 seem] and ZnO [Ts = 400 °C ]. The micrographs 
show crystalline grains with non-crystalline boundaries. ZnO [O2 =  4 seem] has 
a wide amorphous grain boundary, good crystallinity, and rounded and small 
grains (Figure 2.18a, 2.18b). When the O2 flow rate was increased to 6 seem, the 
amorphous grain boundary region was still present but became narrower, and the 
grain size was also smaller (Figure 2.18c, 2.18d). No clear growth pattern was 
apparent for the ZnO [O2 =  4 seem]. For the ZnO film grown at high substrate 
temperatures, narrower amorphous grain boundaries and better crystallinity were 
observed (Figure 2.18e, 2.18f). The diffraction pattern (Figure 2.19) for ZnO [O2 
=  4 seem] was spotty but this was not the case for the ZnO [O2 =  6 seem], 
indicating that ZnO [O2 =  6 seem] had a much finer grain size and more non­
crystalline material present. These observation are consistent with the XRD and 
its FWHM data. The ZnO [Ts =  400 °C ] diffraction pattern was also spotty 
and Zn (101) was observed to be present, which is consistent with the observed 
Zn-rich ZnO films in WDX data.
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F ig u r e  2.17: FWHM as a function of substrate temperature and O2 flow rate.
F ig u r e  2.18: TEM pictures for the ZnO film (a), (b) for ZnO [02 =  4 seem], 
(c), (d) for ZnO [02 =  6 seem] and (e), (f) for ZnO [Ts =  400°C].
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(a)
□
F ig u r e  2.19: Diffraction pattern of the ZnO films, (a) ZnO [O2 =  4 seem ], (b) 
ZnO [O2 =  6 seem ], and (c) ZnO [Ts =  400°C].
Electrical Properties
The electrical properties of ZnO [O2 =  2 - 8  seem] and ZnO [Ts =  20 °C -  400 °C] 
are shown in Figure 2.20. The resistivity reached its lowest value 1.6xl0-3 fhem 
for ZnO [O2 =  4 seem] and increased with higher O2 flow rates. Higher substrate 
temperature during sputtering results in higher resistivity of the ZnO film. The 
Hall mobility measurements indicate that all the ZnO films are n-type. The car­
rier mobility was found to increase until an O2 flow rate of 5 seem was reached 
and it then decreased with a further increase in the O2 flow rate. The carrier 
measurements showed a decreasing trend with increasing substrate temperature 
and O2 flow rate. The high substrate temperatures and 0 2 flow rates gave higher 
oxygen contents in the ZnO film. From this observation it implies that the re­
sistivity is dependent on the oxygen content, indicating that the resistivity of 
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F igure 2.20: Effect of O2 flow rate and substrate temperature on ZnO (a)(b) 
resistivity, and (c)(d) carrier concentration.
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F ig u r e  2.21: O2 flow rate effect on the light transmittance.
Optical Properties
The degree of light transmittance for ZnO [O2 =  4 - 8  seem] is shown in Figure 
2.21. It can be seen that the light transmittance factor is 40% at a wavelength of 
475 nm. When the O2 flow rate was increased to 5 seem, the light transmittance 
was dramatically increased to 60% and 89% light transmittance was observed 
for ZnO [O2 =  6 seem]. These higher values are due to the improvement in 
homogeneity and stoichiometry of the films which reduce the degree of light 
scattering and absorption. A further increase of O2 flow rate resulted in slightly 
improved light transmittance. The increase of substrate temperatures had little 
or no effect on light transmittance in the visible light range.
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2.3.2 The Im portance of Au in N i/A u  Contact 
Introduction
According to the simulation results (see Section 2.2.1), the dominant factor for 
the light transmittance in Ni/Au contacts is the film thickness. In order to obtain 
a highly transparent contact with a more ohmic I-V characteristic performance, 
the Ni/Au layer in the Ni/Au/ZnO contact should be thin. Because the interface 
between p-GaN and Ni is the most important part for the contact, an investi­
gation of the importance of the Au is necessary. If it has only a minor effect 
on the specific contact resistance and surface morphology, then this layer can be 
substituted.
Experiment
The Mg-doped p-type GaN was grown on (0001) sapphire substrates using a 
MOCVD method. Hall measurements showed that the hole concentration and 
mobility is 1 .4x l017 cm-3, and 11 cm2/V-s. The CTLM was used to measure 
the specific contact resistance. The circular pattern was designed with a central 
contact dot, the radius of which was 150 /im  and the gaps between the dot and 
outer contact were 10, 14, 19, 25, 32, 40, 52, 70, and 100 /im.
Prior to deposition of the metal film, the samples were treated with KOH for 1 
min to remove the natural contamination layer. A Ni film (18nm) was coated 
using a thermal evaporation system at 3x l0~ 6 torr, and the samples were then 
divided into two in order to undergo different processes. Sample A (Figure 2.22a) 
was annealed at 500 °C in high vacuum (~3x 10-7 torr) for 10 minutes and then 
coated with a Au film (18nm). Sample B (Figure 2.22b) was coated with a 
Au film (18nm) and then annealed at 500 °C in high vacuum for 10 minutes. 
The CTLM patterns were defined by photolithography and a lift-off process. I- 
V measurements were performed using a KEITHLEY 238 high current source 
measurement unit. AFM was used for the observation of surface morphology and 
for the measurement of the thickness of the metal films.
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(a) (b)
Au as-grown Au annealed at 500° C
Ni annealed at 500 °C Ni annealed at 500 °C
p-GaN p-GaN
F ig u r e  2.22: The structure of samples used in the study of the importance of
Au in Ni/Au contacts.
R esults and  Discussion
The specific contact resistances of samples A and B were measured to be 0.53 
Q- cm2 and 0.15 Q-cm2, respectively. This result indicates the importance of Au 
for lowering the specific contact resistance. Chen et al. [65] have investigated 
a Ni/Au and N i/P t contact on p-GaN and a similar result was observed. The 
N i/Pt showed much higher specific contact resistance than Ni/Au after annealing 
at 500 °C in oxygen for 10 minutes.
Figure 2.23 shows the AFM images for the Ni film annealed at 500 °C for 10 min­
utes (Figure 2.23a) and for the Au film deposited on this Ni film (Figure 2.23b). 
It is seen that the Ni grains grew from the average size of 20 nm (Figure 2.13a) 
to 100 nm. The surface has regular shaped grains with an average height of 5 nm 
and an average diameter of 100 nm. After the Au film was deposited on the top 
of this annealed Ni film (Figure 2.23b), the grain boundaries became partially 
filled by Au and consequently the RMS surface roughness was smoothed from 
5.384 nm to 3.197 nm. The surface morphology is clearly seen to be significantly 
affected by the presence of Au. Figure 2.13c and Figure 2.23a show the dramatic 
difference. During annealing, the single Ni film transforms to regular larger grains 
(Figure 2.23a), but in the case of Ni/Au film the Au diffuses into the Ni film via 
the grain boundaries and then it results in the growth of larger irregular grains 
(Figure 2.13c).
According to the band diagram (Figure 2.7), the barrier height is dependent on
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(a) (b)
10 nm
F igure 2.23: AFM images for (a) Ni annealed at 500 °C and (b) Au film
deposited on this annealed Ni film.
the work function of the metal if no surface states are generated by the annealing 
process. Many reports showed that the Au in a Ni/Au contact can diffuse through 
the Ni film and then reach the p-GaN surface. In this experiment, there are no 
gases involved in the annealing process. The lower specific contact resistance in 
the Ni/Au contact may be due to modification of the p-GaN surface caused by 
Au diffusion. Ho et al. [38] have demonstrated the formation of GaAu alloy 
after annealing a Ni/Au contact on p-GaN. This reaction may generate gallium 
vacancies, which can act as acceptors for the p-GaN. Consequently, a p+-GaN 
layer is formed between the Ni/Au contact and p-GaN and then the thickness 
of depletion layer is reduced. More acceptors can tunnel through the barrier, 
subsequently lowering the specific contact resistance.
In summary, the presence of Au in a Ni/Au contact for p-GaN is important in 
order to lower the specific contact resistance and modify surface morphology. The 
only means for increasing light transmission through a Ni/Au film is to reduce 
the film thickness.
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2.3.3 N i/A u /Z n O  Contact for p-GaN
Introduction
An investigation of the ZnO film growth demonstrates a high value for light 
transmittance (90%) with a reasonable resistivity (1 .6x l0 -3 fi-cm). Because 
the Ni/Au contact has to be annealed in order to obtain a lower specific contact 
resistance, there are two methods for the fabrication of the Ni/Au/ZnO electrode. 
The first method is to anneal Ni/Au/ZnO layers at 500 °C for 5 minutes in N2. 
One quick examination of this method was conducted. Figure 2.24 is the SEM 
picture of the film. It is apparent that the ZnO film was cracked after annealing. 
In comparison with the annealed Ni/Au film (see Section 2.2.5), the morphology 
has been changed dramatically and rounded grains with a typical size 20 nm 
were formed. Hence, this formation of rough surface will crack the ZnO film on 
the top of the Ni/Au film. The alternative method is to first anneal the Ni/Au 
contact and then deposit ZnO film on this annealed Ni/Au contact. The following 
experiment is based on this process for the fabrication of Ni/Au/ZnO electrode 
for p-GaN.
Experiment
Ni/Au =  5nm/5nm was deposited on p-GaN by thermal evaporation. Accord­
ing to the Hall measurement, the electron concentration and Hall mobility of 
this p-GaN was 2 .2 x l0 17 cm-3 and 11 cm2/V-s, respectively. The specific con­
tact resistance measurement was based on the circular transmission line method 
(CTLM). After annealing at 500 °C for 5 minutes in N2, unintentional doped ZnO 
film was deposited on the top of the Ni/Au. The deposition condition is listed 
in Table 2.2. The 0 2 flow rate of 6 seem was chosen specifically because a low 
resistivity (7 .7x l0 -3 fi-cm) and a high transmittance (90%) have been achieved 
for this condition.
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F ig u r e  2.24: SEM picture of the Ni/Au/ZnO film annealed at 500 °C for 5 
minutes in N2 . Note the cracking in the film.
Parameter Value
RF Power HOW
Ar Flow Rate (Ion Gun) 50 seem
Chamber Pressure 2.1xl0~4 Torr
Screen Grid Voltage 500V
Accelerator Grid Voltage 300V
O2 Flow Rate 6 seem
Substrate Temperature 20 °C
T a b l e  2.2: ZnO growth condition for the Ni/Au/ZnO electrode.
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Results and Discussion
The surface of the Ni/Au/ZnO film showed no cracking when using the process 
described above; indicating the feasibility of its application to light emitting 
devices.
The specific contact resistance for the Ni/Au and Ni/A u/ZnO  was 1.19xl0-2 
fh cm2 and 4.81 xlO -2 fhcm2. The measured increased in the specific contact 
resistance of the Ni/Au/ZnO contact after the ZnO film deposition may be due 
to physical degradation of the Ni/Au film. This is possibly caused by secondary 
sputtering during the deposition of the ZnO film. Most of the ZnO particles are 
formed by the reaction of sputtered zinc particles and oxygen before deposition 
on to the sample. After formation, the ZnO particles still have sufficient kinetic 
energy to significantly bombard the Ni/Au surface, consequently some of the 
Ni/Au film may be sputtered out, partially modifying the surface.
Figure 2.25 shows the simulated and experimental results for Ni/Au and 
Ni/Au/ZnO films. Note that the transmittance scale has been adjusted for the 
simulated results in order to demonstrate the close similarity of the simulation 
data. The simulated transmittance for as-grown Ni/Au films was measured to 
be 57% at a wavelength of 470nm (Figure 2.25(a)), whereas the measured optical 
transmittance for the annealed Ni/Au film was 75%, as represented in Figure 
2.25(b). This increase is mainly due to the change of the surface morphology. 
After one ZnO layer was deposited on the annealed Ni/Au, the light transmit­
tance increased to 90%, shown in Figure 2.25(d). According to the simulation 
the improvement made by the addition of the ZnO film was a 20% increase in 
the transmittance. However, we actually achieved a 15% improvement in light 
transmission with our device. It should be noted that the simulation assumed 
uniform films of Ni/Au on the p-GaN.
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Ni/Au/ZnO = 5nm/5nm/45nm
Ni/Au = 5nm/5nm
400 500 600 700
Wavelength (nm)
Figure 2.25: Light transmittance of (a) simulated Ni/Au =  5/5nm, (b) exper­
imental data of Ni/Au=5/5nm, (c) simulated Ni/Au/ZnO =  5/5/45nm, and (d) 
experimental data of Ni/Au/ZnO =  5/5/45nm. Note that the dot lines are the
simulated data.
2.4 Sum m ary
The mechanism of the increased light transmission for the annealed Ni/Au contact 
was investigated by optical simulation and by experiment. It was found that the 
thickness of Ni/Au(5nm/5nm) film is too thin to have the interference in the 
visible light range, indicating that the dominant factor in the light transmission 
is the absorption, which depends on the thickness of the films. The observation 
of surface morphology showed the formation of open areas after annealing due to 
the formation of Ni/Au island structure. According to these results, it implies 
that the reason for the transparency could be attributed to the island structure 
that was formed after annealing and which then left open areas allowing light to 
pass.
The importance of the presence of Au presence in a Ni/Au contact for a p-GaN
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has been studied by vacuum annealing. The specific contact resistance for the 
sample in which the Ni/Au film was annealed together was measured to be 0.15 
fh cm2. For the sample in which one Ni film was deposited on the GaN film, 
and then annealed, and subsequently one Au film was deposited on this Ni film, 
the specific contact resistance was measured to be 0.53 fT cm2. Because the 
difference for these two sets of samples was the diffusion of Au, it indicated that 
the lower specific contact resistance of the first sample may be attributed to the 
presence of Au during annealing.
The study of ZnO growth, by means of an argon ion beam sputtering and a 
Zn metallic target in an oxygen-rich ambient, has been undertaken because it 
is potentially a good material with which to fabricate conductive and transpar­
ent electrodes. The effect of substrate temperature and O 2 flow rate on the 
structural, electrical and optical properties of ZnO has been investigated. The 
preferred (002) orientation was found for the ZnO film grown at O 2 flow rates 
higher than 3 seem. For the ZnO films grown at the oxygen flow rate less than 
4 seem, the Zn atomic content is higher than 50%, indicating the formation of 
Zn-rich film. The XRD spectra for the ZnO films grown at different substrate 
temperature showed that the intensity of the ZnO (002) peak for the film grown 
at 400 °C was ~30 times higher than that grown at room temperature, demon­
strating the better crystallinity obtained at high temperature. It is consistent to 
the diffraction patterns. The FWHM of XRD spectra showed little difference for 
the ZnO films grown in the O2 flow rates above 5 seem, indicating a minor effect 
on the grain size. The Hall measurement showed that the ZnO films were n-type 
semiconductors, and the lowest resistivity of 1 .6x l0 -3 fhem was obtained at an 
O2 flow rate of 4 seem. Any increase in substrate temperature during deposition 
resulted in a higher resistivity. Light transmittance measurements showed little 
dependance on substrate temperature, whereas an O2 flow rate in the range of 2 
-  5 seem demonstrated a strong influence.
A highly transparent Ni/Au/ZnO electrode has been fabricated and charac­
terised. The light transmittance was 87% -  90% at a wavelengths in the range 
450nm -  500nm. The improvement of the light extraction is 15% compared with 
a Ni/Au contact. Slight contact degradation was observed, which may be at­
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Chapter 3
ICP Etching of III-N itrides
3.1 Introduction
Plasma etching is a commonly used technique for patterning semiconductors be­
cause it gives more control for etching profiles than wet etching and has been 
widely used since the 1960s [1]. A plasma is an ionised gas with equal num­
bers of free positive and negative charges. The ionisation process is mainly due 
to collisions between electrons and neutral gas atoms/molecules forming ionised 
atoms/molecules . The kinetic energy of electrons arises from the electric field or 
the collisions with other particles. Because the generated ions are more reactive 
than neutral radicals they can be used as etchants for materials.
Several etching techniques, such as reactive ion etching (RIE) [2], electron cy­
clotron resonance (ECR) etching [3], and inductively couple plasma (ICP) [5] 
etching have been developed for patterning group III-nitride materials. Because 
group III-nitrides have very high bonding energy, 11.52 eV for AIN, 8.92 eV for 
GaN, and 7.72 eV for InN [4], highly reactive ions with high concentration is 
desirable. In RIE, power is applied to the substrate, at Radio Frequencies (RF), 
usually at 13.56 MHz, to generate the plasma. Materials are etched by the chem­
ical and physical interactions between the plasma and the target. The ion density 
in a RIE system is ~10 9 cm - 3  [5]. The RF power maintains the plasma and in­
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duces an electric field toward to the substrate, resulting ion bombardment of the 
target material. Hence, the plasma density and ion bombardment energy is de­
pendent on the RF power. The increase in the plasma density can be achieved by 
higher RF power, but the resultant higher ion bombardment energy may induce 
physical and chemical damage, far into the target material, therefore degrading 
the performance of the device. Hence the ion density and ion energy must be 
controlled separately to obtain the desired high etch rates with low etch-induced 
damage. ICP etchers offer nearly independent control for ion flux and ion energy, 
and the ion density in an ICP system is usually ~10n  cm - 3  [5], which is 100 times 
higher than that of RIE. The dissociation and ionisation efficiency of diatomic 
gases is much higher than for RIE [6]-[9]. Thus, higher etch rates, with lower 
bombardment energies and high anisotropic profiles, can be obtained in ICP etch 
systems. In addition, the ion sputtering yield in ICP systems is higher than for 
RIE because the operating pressure is within the range 1 - 1 0  mTorr, compared 
with 20 -  100 mTorr for RIE systems.
Shul et al. [10] first investigated the ICP etching of GaN in a Cl2 /H 2 /A r plasma: 
an etch rate, for GaN, of 6875 A/min was obtained. Subsequently, ICP etching 
of GaN in C ^/A r, CI2/N2 and CI2/BCI3 plasmas has been reported [11]—[14]. 
Etch rates for GaN as high as 9800 A/min with smooth and anisotropic profiles 
have been reported [1 1 ], whereas only 170 - 1050 A/min can be achieved in a RIE 
etcher [15]—[20].
3.2 The ICP Etcher
Figure 3.1 shows a diagram of the ICP etching unit that was used in this study. 
The RF power applied to the stage generates an electric field in the ^-direction, 
while RF power applied to the ICP coil generates a magnetic field in the z- 
direction. A plasma is generated and maintained by either the electric field (RIE 
mode) or magnetic field, or in the case of the ICP mode, by both.
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F i g u r e  3.1: Schematic of an ICP etching unit.
3.3 Basic P lasm a Physics
The collisions of the species inside a plasma determine the characteristics of the 
plasma. The basic physics including the possible collisions and the motion of a 
single charge particle is described below.
3.3.1 C ollisions o f P articles in P lasm a
To sustain the plasma the essential condition, according to the definition of a 
plasma, is to maintain the numbers of electrons and ions. The electrons and ions 
inside an etching reactor are mainly formed by collisions between electrons, ions 
and neutral gases.
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C ollision F requency
Consider a particle moving with a speed v. If the cross section for interaction 
of this particle with fixed scatterers is Q, then in a unit time the particle can 
be thought of as sweeping through a volume vQ. If the number density of the 
scatterers within this volume of interaction is N, then the number of interactions 
which take place in a unit time is give by NvQ. This is the collision frequency v,
v  =  vQ N  (3.1)
M ain  C ollision P rocesses
There are electrons, ions and neutral atoms and molecules inside the reactor, so 
all possible pair permutations have to be considered. However, some collisions 
are more important than others in the plasma environments:
Elastic Collisions
An elastic collision is a collision between two particles of mass m \ and ra2 in which
the total kinetic energy is conserved as well as the total momentum. According
, 4m im 2 .to these two conditions, the maximum energy transfer ratio, -7------------—, can be
( m i + m 2)2
obtained [19]. Considering a collision between an electron and an atom. Because 
the mass of the electron is much smaller than that of the atom, the energy transfer 
is negligible; so the electrons just change direction without significantly changing 
speed. It implies that when the electrons are moving in an electric field, elastic 
collisions have the effect of restricting their velocity in the direction of the field.
Ionisation
This is the most important type of collision process in the plasma. In this process, 
a bound electron in an atom is ejected from that atom, producing a positive ion
7 0
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and two electrons, e.g.,
e~ +  M  —> 2e“ +  M +
These two generated electrons can then be accelerated by an electric or a mag­
netic field and contribute to more ionisation processes. The plasma is generally 
maintained by this multiplication process.
Excitation
If a electron-atom collision takes place, and if a less dramatic energy transfer of 
energy to the bound electron, it would enable the electron to jump to a higher 
energy level within the atom with a corresponding quantum absorption energy. 
This process is called excitation. In an excitation process, the primary electron 
loses kinetic energy equal to the excitation potential and also may be deflected.
Relaxation
One of the most obvious features of a plasma to an observer is the plasma ‘glow’. 
This glowing process is due to the relaxation, or de-excitation, of electronically 
excited atoms and molecules. Thus, the various species present in the plasma 
may be determined by the emitted spectrum.
Recombination
The recombination process is when an electron combines with a positive ion to 
form a neutral atom. There are three types of the recombination process.
(1) A third body takes part in the collision process to satisfy the con­
servation requirements of energy and momentum.
(2) An electron attaches to a neutral atom to form a negative ion. The 
negative ion then collides with a positive ion. Subsequently the 
electron transfers and two neutral atoms are formed.
(3) The excess energy in the recombination process is transferred to 
radiation.
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Dissociation
The dissociation process is the breaking apart of a molecule. The reaction can 
be express as
e +  A B +  A  +  B (3.2)
3.3.2 M otion of Single Charged Particles
The motion of a single charged particle is mainly determined by the forces induced 
by electric or magnetic fields. Consider a particle of charge g, mass m, and velocity 
v situated in a static, uniform electric field E, and a static, uniform magnetic 
field B. Newton’s second law can be expressed thus,
dv
m —  =  qE +  qv x B 
at (3-3)
Assume the magnetic field B is only acting in the ^-direction and the electric
qB




_  Q 
m E v
— 'O x^Z
.  Vz . . E *  . 0
(3.4)
Integrating Eq. 3.4 the velocity of the particle in each orthogonal direction is 
given by [1]
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vz = v° + — E zt (3.5)
where vj, vJ and vJ are the initial velocities in the t- ,  y- and ^-directions, re­
spectively.
Case 1: Electric Field Only -  RIE Etching
velocity. In the ionisation process, electrons gain the energy from the electric 
field only in the 2 -direction.
Case 2: Electric Field Parallel to Magnetic Field — ICP Etching
In the inductively-couple plasma etching, the electric field is parallel to the mag­
netic field, e.g., Ex = E y = 0. The velocity of a single charged particle, based on 
Eq. 3.5, is given by
In the reactive ion etching, only an electric field in the 2 -direction is introduced 
to the reactor. Based on Eq. 3.5 the velocity of a single charged particle is given
(3.6)
It is seen that the particle motion only responds to the electric field E z in the 
^-direction. The velocity in the x- and ^/-direction remains identical to the initial
( 3 .7 )
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According to Eq. 3.1, Eq. 3.6, and Eq. 3.7, one can see that the collision 
frequency of charged particles in a space consisting of an electric and magnetic 
field is larger than that of a space consisting of only electric field because its 
velocity in x- and ^-directions is larger. The higher collision frequency result in 
a higher plasma density in the ICP mode.
3.3.3 Electron and Ion Temperature
An operational definition of temperature is that it is a measure of the average 
translational kinetic energy associated with the disordered microscopic motion 
of particles. The ions in the plasma can only absorb a little energy from the 
electrons because the large difference in mass between them, so ion energies are 
determined by the collisions between other ions and neutral species. It implies 
that the concept of temperature is applicable for ions in the plasma and the 
kinetic energy (Ek)is given by
Ek =  ^ k BT  (3.8)
where ks  is Boltzmann constant and T  is the temperature.
It is reasonable to apply the concept of temperature to the electrons in the plasma 
using the same form of Eq. 3.8 since the electron-electron collision results in a 
disordered microscopic motion.
3.3.4 Plasm a Potential
Assuming that one small electrically isolated substrate is suspended in the 
plasma, then it will be initially struck by electrons and ions. Because of the 
higher speed of the electrons the current density of electrons impinging the sub­
strate is much larger. Consequently the substrate immediately starts to build a 
negative charge and hence negative potential with respect to the plasma. Since 
the substrate is charged negatively, electrons are repelled and positive ions are
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attracted. We can treat plasmas as conductors because of the large number of 
free electrons inside plasmas. It implies that plasmas are electric field free, sim­
ilar to other conductors, i.e. metals; so the potential of the substrate is equal 
to the plasma potential (Vp). For an insulated substrate, a zero steady state net 
flux is required so the potential, or floating potential V), is relative to Vp. In the 
absence of a reference, only the potential difference Vp — Vf  is meaningful.
3.3.5 Sheath Formation
In the case described before, electrons can be repelled by the potential difference 
( Vp — V f ). It follows that the space between the substrate and the plasma acquires 
a net positive charge, resulting in a decrease in the electron density (Figure 3.2). 
The ‘glowing’ of the plasma originates from the relaxation of atoms excited by 
electron impact (see Section 3.3.1); thus the glowing intensity is lower in this 
space because of lower electron density, resulting in a characteristic darker area. 
This dark space is called the sheath. The potential difference, or sheath potential, 
can be obtained from Poisson’s equation [19]:
d2V  p . ^
y V - d ? - - £  <39)
The ion energy in the vicinity of the substrate is then given by
E io n  =  q(Vp -  Vf) (3.10)
3.3.6 Developm ent of DC Bias of RF Electrodes
When the RF power applied to the stage is initially switched on the number of 
electrons collected during the positive half of the cycle is much greater than the 
number of ions collected during the negative half, because of the large difference 
in their masses. Thus the stage acquires a net negative charge through each cycle 
and an average negative voltage, which increases until charge capture is balanced
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F i g u r e  3.2: Schematic of a space charge sheath developed in front of a floating
substrate.
through each RF cycle. This voltage is known as the DC bias. The voltage at 
the surface of the stage or sample is sinusoidal, offset by the DC bias. Electrons, 
being light, respond to the instantaneous potential, and are collected only during 
the small phase when the electrode potential nears the plasma potential. Ions, 
being relatively heavy, respond to the time averaged potential (DC bias) and are 
collected uniformly throughout the RF cycle.
This DC bias is measured by connecting a choke in series with the DC voltage 
meter. Note that a 7 mm thick quartz plate was placed on top of the stage 
because small samples are normally used to study etching behaviour and this 
quartz cover plate protects the stage from damage. This effectively introduces 
another capacitor into the circuit so that the DC bias voltage measured during 
experiments is not the voltage at the sample surface. A more accurate indication 
of the DC bias at the sample surface is given by removing the quartz cover plate, 
running the process briefly, and recording the stage DC bias, although of course 
the sample itself acts as a relatively small capacitor in the circuit.
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The measured DC bias voltage represents the potential between the stage and 
ground. According to Eq. 3.10, the precise ion energy can be obtained by mea­
suring the plasma potential referring to the ground and then minus the DC-bias. 
For a given plasma, the variation of plasma potential induced by changing the 
etch parameters is much lower than the substrate potential [29]. Therefore, the 
DC bias can be used as an indication of ion energy even if the plasma potential 
is not measured in-situ.
3.3.7 Etch Chem istry of Group III-N itrides
Determination of the Etch Chemistry
The main consideration in selecting suitable etch chemicals is the nature of the 
etch products ,which are produced by the reactions between the reactive species 
and materials to be etched, and the reactivity between target materials and 
etchants. Table 3.1 lists the possible etch products from the reactions between 
halogen radicals and GaN, AIN and InN [4, 23]. It is seen th a t the boiling points 
of the possible etch products from the fluorine radical are ~1000 °C. Hence, the 
fluorine radical is not ideal for the etching of group III-nitrides. In contrast, 
the chlorine radical is attractive because of the low boiling points of the etching 
products (~200 °C). For bromine and iodine radicals, the boiling points of the 
etching products are in the range of 250 °C to 380 °C, and it is possible to sputter 
or evaporate quickly. In general, chlorine, bromine and iodine are used as the 
chemical radicals to etch group III-nitrides [5] [24]. The following section will 
discuss ICP etching for group III-nitrides in Cl2-based plasmas.
Species in CI2 Plasmas
CI2 is the gas most commonly used to etch III-nitrides. The dissociation and 
ionisation processes are described below.
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GaBr3 1 2 2 279 Crystalline Solid
Al2 Br6 97.5 255 Crystalline Solid
InBr 285 656 Crystalline Solid
I
Gal3 2 1 2 340 Crystalline Solid
A12 I6 188.32 382 Solid
Inl3 207 no data Crystalline Solid
T a b l e  3.1: The physical properties of possible etch products of AIN, GaN and 
InN reacting with F, Cl, Br and I radicals.
The dissociation and ionisation reactions of CI2 are
c" +  C l2 +  2.475eV -> 2 C l' +  e" (3.11)
c" +  C l2 +  11.48eV -> C l t  + 2 e" (3.12)
e~ +  C l' +  lS.OeV  -► C l+ + 2e" (3.13)
The dissociation energy of the reaction shown in Eq. (3.11) is 2.475 eV [21]. 
Ionisation energies in Eq. (3.12) and Eq. (3.13) are 11.48 eV and 13.0 eV, 
respectively [21]. Because of the higher ionisation energy in reaction Eq. (3.13), 
the higher power obtained in the ICP mode is required. Malyshev et al. [8 ] used 
a transformer-coupled plasma reactor for the measurement of ions and neutral 
species density. The ICP mode was achieved by applying the RF power to a 
transformer-coupled plasma antenna, while RIE mode is operated by applying the
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RF power to the stage. The results gave the number density ratio of ions/radical 
Cl'
1000 for a pressure of 2 -  10 mTorr in either RIE or ICP mode.
C l} +  CI+.
For the number density of ion species, it was found that the dominant ion in the 
ICP mode is Cl+, while ClJ is the dominant ion in the RIE mode [9]. According 
to Eq. 3.6 and Eq. 3.7, one can see that the kinetic energy of electrons in the 
ICP mode is higher than that in RIE mode. In addition, the collision frequency, 
based on Eq. 3.1, in the ICP mode is higher than tha t in the RIE mode. These 
facts result in a higher degree of dissociation and subsequently the ionisation for 
the dissociated Cl* radicals in the ICP mode. Because the Cl+ ions have higher 
reactivity than ClJ ions, it is expected that ICP etching can achieved a higher 
rate in chemical etching than that offered by RIE etching.
3.3.8 R edeposition of Etch Products
Ideally the etch products should be evaporated or sputtered and then pumped out 
from the chamber, or deposited on the chamber wall. However, for particles which 
accumulate in the vicinity of the sample surface it is possible that they redeposit 
themselves on the etch substrate, thus contaminating the sample surface. In this 
manner, redeposited etch products can act as a mask to obstruct further etching. 
In addition, the products will possibly contaminate the material surface and then 
affect either or both the contact adhesion and conductivity of a post-coated film. 
This has been a crucial issue in processing particularly with the reduction in 
physical size of devices.
The etch products may accumulate to form larger particles in the vicinity of the 
target material. The growth process follows the steps: [36]
(1) formation of clusters,
(2) growth to a critical nucleus size (~  10 nm) by chemical vapour 
deposition or by cluster-cluster interactions,
(3) agglomeration of the nuclei.
The particles formed in the vicinity of the target materials are normally electric 
insulators. An electron with high energy in the sheath region can easily charge up
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Figure 3.3: Illustration of electrical forces acting on a negative-charged particle.
the particles, resulting in negatively charged particles. They are usually charged 
to a level of several hundreds, to thousands, of negative elementary charges [34]. 
Figure 3.3 shows the possible forces acting on a negative-charged particle. The 
energy transfer of collisions between neutral species and the particle is small 
because the momentum of the neutral species is much smaller compared with 
that of ions. Since the particle will be trapped at the position where the net 
force Fnet is zero, this condition is given by
Fnet ~  E F ^  — EgE (3-14)
where E is the electric field in the sheath, which is induced by the sheath potential 
(Vp — V}), and EFion is the total ion drag force acting on the charged particles.
In ICP etching without applying RF power on the stage, the electric field in the 
sheath region is small. According to Eq. 3.14 the ion drag forces dominate the 
movement of the particles. Hence, the particles tend to be dragged down to the 
surface of the target materials, and subsequently contaminate the surface [37]. 
Applying sufficient RF power to the stage to increase the sheath potential can 
compensate the ion drag forces and then reduce the contamination [37].
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3.4 ICP Etching Parameters
The densities and energies of reactive and inert species are a function of ICP 
power, RF power, chamber pressure, gas flow rates and concentrations, and 
species of additive gases. The following sections will discuss the influences of 
the parameters on the operation of the ICP etcher.
3.4.1 RF Power
According to the theories discussed before, the RF power applied to the stage 
contributes to the increase in the sheath potential, which then affects the ion 
bombardment energy. In the RIE mode, the electric field induced by the applied 
RF power maintains the plasma and the ion bombardment energy. In order to 
obtain higher plasma densities, a further increase in the RF power is required. 
However, this induces an increase in the ion bombardment energy, which may 
result in damage to the target materials.
3.4.2 ICP Power
According to Eq. 3.6, the electrons in the sheath region can be accelerated by 
this electric field. The electrons inside the plasma have very little response to 
the electric field because it can be treated as a conductor. When the ICP power 
is applied to the coil, it induces a magnetic field, which penetrates the plasma 
region. Eq. 3.7 has shown that the velocity of electrons have components in the 
x- and ^/-directions, indicating a higher collision frequency in the plasma region. 
It results in an increase of the ionisation processes, and thus increases the plasma 
density.
The stage voltage Vf  is mainly dependent on the movement of electrons in the 
^-direction. According to Eq. 3.7, it is seen that the induced magnetic field 
only contributes to the x - and ^/-direction; so little effect on Vf  is expected when 
the magnetic field is applied. It implies that the plasma density and the ion
81
CH APTER 3. ICP ETCH ING  OF III-NITRIDES
bombardment energy can be effectively decoupled, which gives more control of 
the etching in both the vertical and horizontal direction.
3.4.3 Chamber Pressure
According to the ideal gas equation, chamber pressure is proportional to the 
number of species in the chamber, hence also the mean free path. The resulting 
effects are listed as follows:
(1) the sheath potential and energy of ions bombarding surface,
(2) the electron energy,
(3) the ion-to-neutral abundance ratio and fluxes of these species to 
surfaces,
(4) the relative rate of higher to lower order chemical kinetics,
(5) surface coverage by absorption,
(6) the relative rates of mass transport processes.
According to Eq. 3.9 the sheath potential is related to the charge density in the 
sheath region. The higher pressure results in a smaller mean free path. Because 
the electron density and energy is lower in the sheath region, the ionisation is not 
the dominant collision process. Instead, the recombination of ions and electrons 
is highly possible, resulting in a lower ion density in sheath region. This effect 
directly applies to the decrease of sheath potential. In the etching process, it 
implies that the etching mechanism is dominant by chemical reactions.
The electron energy is related to the electron speed. Because of the increase 
in the mean free path of neutral species at low pressure the collision frequency 
between them is reduced, resulting in a higher speed of electrons. Hence, the 
electron energy, or electron temperature, is increased. It is consistent with the 
measurement of electron temperature in an ICP reactor [38].
For low pressure, e.g., 1 - 5 0  mTorr, the effects of (3) -  (6) may be minor because 
high ion bombardment energy can contribute to the sputtering of species covered 
on the surface and the reaction between reactive ions and target materials is
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much violent than that with neutral species.
3.5 ICP Etching for III-Nitrides LED
From published reports, previous studies of etching parameters for etch rate, DC 
bias, etching profile and surface roughness have been fragmented. A statistical 
experimental design is suitable for a more comprehensive study. Full factorial ex­
perimentation is frequently used to study the effects and interactions of important 
experimental parameters for the given levels. However, it is a time-consuming 
process when there are many factors involved. In order to minimise the number 
of tests, several methods of experimental design have been developed. In this 
study, the experimental design chosen was based on the Taguchi method [31]. 
The effect plots of etching parameters were then established. These plots enable 
comprehensive understanding of the etching parameter effects on etch rate, DC 
bias, etching profile and surface roughness.
3.5.1 Taguchi M ethod
G. Taguchi has developed a method which uses only a portion of the total number 
of possible tests to estimate the effect of the main variables and their possible 
interactions [31]. His method often gives the qualitative result required for the 
chosen parameters and levels. It assumes that the output of the experiment is 
continuous so that the optimum value can be obtained via statistical analysis. 
In this study, the outputs were chosen to be: Etch rate, DC bias, sidewall an­
gle and surface roughness. According to published reports [11] [12]—[14], these 
assumptions are reasonable.
The steps of Taguchi method are
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(1 ) to identify the parameters,
(2 ) to identify the levels of each parameter,
(3) to select an appropriate orthogonal array (OA),
(4) to assign the parameters to columns of the OA,
(5) to analyse data and determine the optimum levels, and
(6 ) to confirm the optimum levels.
3.5.2 Experim ent
The GaN LED structure used in this study was grown by MOCVD. After the 
nucleation process and buffer GaN growth, a 500 nm n-GaN, 10 nm InGaN, and 
5 nm InGaN and 6  nm /9 nm Alo.1 Gao.9 N/GaN superlattice was subsequently 
grown on the surface (Figure 3.4). A 260 nm-thick Si0 2  film which was patterned 
and used as the mask for GaN etching was then deposited on the GaN LED 
sample by ion beam sputtering. Standard photolithography and CHF3/A r plasma 
etching was employed to pattern the Si0 2  film. After the Si0 2  etching, wet 
cleaning and O2 plasma dry cleaning were conducted to remove any fluorine 
residue. Subsequently, GaN etching was performed, based on the experimental 
layout gave in Table 3.3. After GaN etching, a stylus profilometer was used to 
measure the etch depth and surface roughness. The etch profile was evaluated 
by scanning electron microscopy (SEM), and the etch products were examined 
by XRD.
Based on a Taguchi experimental design, the etching parameters of RF power, 
ICP power, stage temperature, CI2 flow rate, Ar flow rate, and chamber pressure 
were chosen as the study factors. All factors contain two levels (Table 3.2). A 
two-level orthogonal matrix was employed in the experimental layout (Table 3.3). 
The etch rate, DC bias, sidewall angle and surface roughness were evaluated by 
effect plots of etching parameter.
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F igure 3.4: Schematic of the LED structure.
Symbols and Parameters Level 1 Level 2
A RF Power (W) 150 300
B ICP Power 300 500
C Stage Temperature (°C) 20 50
D CI2 Flow Rate (seem) 20 30
E Ar Flow Rate (seem) 5 10
F Chamber Pressure (mTorr) 9.5 15.5
Table 3.2: Parameters and levels used in this study.
No A B C D E F
1 150 300 20 20 5 9.5
2 150 300 20 30 10 15.5
3 150 500 50 20 5 15.5
4 150 500 50 30 10 9.5
5 300 300 50 20 10 9.5
6 300 300 50 30 5 15.5
7 300 500 20 20 10 15.5
8 300 500 20 30 5 9.5
T a b l e  3.3: Experimental matrix for the investigation of ICP etching for GaN.
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3.5.3 R esults and Discussion  
DC Bias
The effect plot of etch parameter for DC bias is demonstrated in Figure 3.5. It 
is obtained by the analysis of means. In this case, for example, the effect of RF 
power on the DC bias for level 1 (150W) is the average of DC bias for experiment 
No. 1 - 4 ,  while the average of the DC bias for experiment No. 5 - 8  represents 
the effect of level 2 (300W). For RF power equal to 150W (level 1), experiment 
No. 1 - 4  consists of the same value RF power, but the other parameters mix level 
1 and 2 in order to lower the contribution to the average of the etch rates. The 
difference of the average values of a given parameter represents the significance 
of this parameter. The analysis of other etch results follows the rules described 
above.
It is clear that RF power was the dominant parameter for the DC bias. The DC 
bias was increased from -298V for RF =  150W to -526V for RF =  300W. This re­
sult was consistent with theoretical predictions and other published experimental 
data [27].
ICP power, stage temperature, C ^/A r flow rate and chamber pressure have only 
a small effect on the DC bias in the given level. The explanation of the ICP 
power effect can be seen in Section 3.4.2. Stage temperature in the given level 
cannot change the charge density in the sheath region. C ^ /A r flow rate may 
have little effect on the plasma potential, resulting in a minor effect on the DC 
bias. Chamber pressure at the given levels is very low and the difference is small, 
indicating the effect on the recombination processes in the sheath region may be 
minor.
Etch Rate of GaN
Figure 3.6 shows the effect plot of etching parameter for the etch rate. It shows 
that ICP power is the most significant parameter for this process. Consider the
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F i g u r e  3.5: Effect plot of etch parameter versus DC bias.
effect of RF power, which contributes to the ion bombardment energy, on the 
etch rate. The etch rate of GaN is less sensitive to the change in RF power 
for the given levels. These two results suggest that the GaN etching is more 
sensitive to the increase in plasma density, indicating that the dominant etching 
mechanism is chemical reaction. A similar conclusion was drawn in IC1, IBr, and 
other Cl-based plasma ICP etching experiments [10, 11, 12, 26, 27].
RF power is the second most significant parameter on the etch rate of GaN -  it 
affects the electric field in the sheath region. Hence, the ions, including Cl+ and 
Ar+, will be accelerated in this region. Ar+ ions only contribute to the physical 
sputtering, while Cl+ may react with the GaN on the surface. The condition for 
this reaction is that the time Cl+ can stay on the surface must be longer than the 
chemical reaction. It has been found that the etch rate of GaN in the Ar+ ion 
milling is ~  10 times lower than that in ICP etching [22]. Thus, the high etching 
rate is mainly from the chemical reaction between Cl+ and GaN.
Chamber pressure had the same significance with RF power to the GaN etch rate. 
Because the etch rate of GaN is dominated by chemical reaction, indicating that 
the Cl+ density in the plasma is important. Malyshev et al. [9] have measured the 
Cl+ density over the pressure range 2 mTorr to 20 mTorr. It was found that the 
Cl+ density remained nearly identical at the measuring pressure range. Thus, the
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F igure 3.6: Effect plot of etch parameter versus etch rate.
higher etch rate at lower pressure found in this experiment may be not be directly 
related to the increase in the Cl+ density. Sheu et al. [25] have found that the 
etch rate of GaN increased in the C ^/A r plasma with an increase in the chamber 
pressure. This contradicts these results. Thus, the decrease in GaN etch rate at 
higher chamber pressure may be due to the redeposition of the etch products. 
At higher chamber pressure, the etch products may accumulate to form a cluster 
and then redeposit on the surface. These can act as micro-masks: preventing 
further etching. As a result of the process, a possible etch product was thought 
to be gallium chloride and sputtered Si0 2  particles by ions because a Si0 2  cover 
plate was used in this study. The specimen stage temperature is in the range 20 
°C- 50 °C, which is not high enough to evaporate gallium chloride. Thus, the 
redeposition of gallium chloride is possible. One sample which was etched for 5 
minutes was examined by XRD (Figure 3.7). The peak positions (1) -  (3) were 
identified as beta gallium chloride (0 3 2), (2 1 3) and (3 12),  respectively. Higher 
stage temperatures may result in the growth of larger clusters, resulting in more 
extensive passivation of etching.
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F ig u r e  3.7: XRD spectrum of the GaN LED etched using the conditions listed 
in Table 3.5 for 5 minutes. The XRD peak (1), (2) and (3) are identified as beta 
gallium chloride (0 3 2), (2 1 3) and (3 12),  respectively.
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Sidewall Angle
In order to achieve a high rate of anisotropic etching, the etch rate in the vertical 
direction has to be much higher than that of the transverse direction. High ion 
bombardment energy and the formation of inhibitors at the sidewall are possible 
mechanisms which enhance anisotropic etching. In this present study, the ion 
bombardment energy may be the most important factor for satisfactory vertical 
sidewall formation.
The effect plot of sidewall angle (Figure 3.8) shows th a t RF power was the most 
significant parameter for sidewall angle. It has been seen that the Cl+ ions 
can contribute to the chemical etching in the ^-direction. In addition, a higher 
velocity in the ^-direction, based on Eq. 3.6, can be obtained by higher RF power. 
Hence, it is claimed that an increase in RF power results in an anisotropic etching.
Higher chamber pressure and lower stage temperatures degraded the anisotropic 
etching profile. This may well be due to the redeposition of etch products. Figure 
3.9 shows the SEM pictures of these eight experiments. It is seen that lower 
RF power resulted in non-vertical sidewalls (Figure 3.9a -3.9d). The substrate 
temperature effect can be seen by comparing Figure 3.9a, 3.9b and Figure 3.9c, 
3.9d which were etched at stage temperatures of 20 °C and 50 °C, respectively. 
The drag forces from neutral species in the vicinity of the sidewall may drag the 
etch products back to the sidewalls and then act as etching masks, inhibiting 
further etching of the sidewall.
Surface Roughness
High surface roughness is generated by a large difference in etch rate between the 
vertical and transverse directions. The large etch rate difference may be induced 
by using high RF power. In the plot of peak-to-peak surface roughness (Figure 
3.10), the RF power was shown to be less significant. It can be deduced that the 
dominant factor for surface roughness was the redeposition of etch products. The 
size and quantity of etch products are the most important issues. The effect plot 
showed that the chamber pressure was the most significant parameter for surface
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F igure 3.8: Effect plot of etch parameter versus sidewall angle.
roughness. It has been found that the particle size drops significantly with the 
increase of electron temperature [39]. In addition, a higher electron temperature 
can be obtained at lower pressure (see Section 3.4.3). Thus, the results show that 
a smaller particle size may be formed at lower pressure. The collisions between 
electrons and smaller particles are less, resulting in a less negative charge density 
of the particles. Thus, the drag forces from neutral species have to take into 
account; Eq. 3.14 becomes
net E F ion ~  E#E + EFneutral (3.15)
where EFneutrai is the total drag force from neutral species. Because of a lower 
negative charged density in smaller particles E F ion and EgE is relatively smaller, 
indicating the forces acting in the ^-direction may be relatively large. This may 
increase the possibility of redeposition. Moreover, higher ICP power was found 
to result in a rough surface. Higher ICP power generates higher ion density, 
consequently increasing the total ion drag force E F ion. Hence, more deposition 
of etch products is expected.
Ar flow rate has a strong effect on the surface roughness. The increase in Ar flow 
rate can increase the Ar+ ions in the plasma, thus reducing the Cl+ concentration. 
It implies that the vertical etching is reduced. In addition, the Ar+ ions may
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DSS3
(g)
F ig u r e  3.9: SEM images of sidewall profile for experiments No. 1 - 8 .  Note 
that the white line in the pictures represents 1 fim and the Si0 2  mask has not
been removed.
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F igure 3.10: Effect plot of etch parameter versus surface roughness.
sputter the particles on the surface, which facilitate the formation of a smoother 
surface.
Possible etch products are listed below:
Etch Products Description
GaCl3, AICI3 , InCls C1+ +  (GaN, AlGaN, InGaN)
0 2, SiCl4 Cl+ +  Si0 2  cover plate
Ga2 0 3 , AI2 O3 , R1 2O3 0 2 +  (GaN, AlGaN, InGaN)
Si0 2  particles Physical sputtering for Si0 2  cover plate
The boiling point of SiCl4 is 58 °C and the stage temperature can be increased 
to ~160 °C without backside helium cooling [49]; thus, the SiCl4 tends to be 
evaporated and has little effect on the redeposition of etch products. The boiling 
point of GaCl3 , AICI3 and InCl3 is higher than 160 °C (see Table 3.1), indicating 
the possibility of the contribution to redeposition. For the metal oxides and 
sputtered Si( > 2  particles, because the cover plate is 8 inch in diameter, which is 
comparatively much larger compared than the 1 cm2 sample, the contribution 
tends to be larger. Yoshida et al. [50] observed a similar structure after RIE 
etching for GaN. Different cover plates, Si, Si02 and Ge, were used to clarify 
the re-deposition effect [51]. A smooth surface was obtained by using Ge and Si
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cover plates, indicating that the improvement in surface roughness is due to the 
formation of more volatile etch products. However, chlorine ions have a higher 
reaction rate with Si or Ge; most of the reactive chlorine ions are consumed by 
Si or Ge, resulting in a lower etch rate of GaN.
Relative Effect Table of ICP Etching Parameters
Based on the effect plots of etch rates, DC bias, sidewall angle and surface rough­
ness, a single relative effect table was established (Table 3.4). The difference in 
level one and two for the most significant parameter is 100%. The differences of 
level one and two for the other parameters are normalised to this base value.
From this relative effect table one can clearly see that RF power is the most 
significant parameter affecting sidewall angle and DC bias, but has less effect 
on surface roughness. ICP contributes the most to GaN etch rate and surface 
roughness, but demonstrates less influence on DC bias. Stage temperature has 
a large effect on GaN etch rate, a medium effect on sidewall angle, and a lesser 
effect on DC bias. CI2 flow rate showed a low effect on all results. Ar flow 
rate had a medium effect on surface roughness and less influence on etch rate, 
sidewall and DC bias. Chamber pressure showed the most significant effect on 
surface roughness, a strong effect on etch rate, a medium effect on sidewall angle 
but a lesser effect on DC bias.
This relative effect table is a useful tool for the optimisation of the required etch 
rate, sidewall angle, DC bias and surface roughness in these two levels. However, 
because the same etching parameter may have different relative effects on the 
outputs, the weighting has to be set. The following section is an example of 
optimisation.
Optimisation of Sidewall Angle, Surface Roughness and Etch Rate
Assume that one process is required to produce a vertical sidewall, a smooth 
etched surface and a high etch rate. The most critical result is the vertical
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Etch Rate Sidewall DC Bias Roughness
RF 67% 100% 100% 13%
ICP 100% 40% 12% 82%
Ts 67% 51% 21% 30%
Cl2 38% 18% 3% 21%
Ar 38% 12% 13% 56%
Pressure 66% 47% 14% 100%
Table 3.4: The relative effect table of ICP etching parameters on etch rate, 





Cl2 Flow Rate 30 seem
Ar Flow rate 10 seem
Chamber Pressure 9.5 mTorr
Table 3.5: The optimised conditions for the GaN LED structure.
sidewall, less importantly the surface roughness and also the etch rate. The 
weighting for these three outputs are set 70%, 20% and 10%, respectively. By 
multiplying these weighting with the relative effect, a single weighted effect table 
is obtained. It is seen that RF power has the most significant effect on sidewall 
angle. According to the effect plot of sidewall angle, the optimised RF power 
for larger sidewall angle is 300W. Determination of the other etching parameters 
follows the same method. The optimised etching conditions are listed in Table 
3.5.
Figure 3.11 shows the SEM image after etching. It is seen that a vertical sidewall 
has been obtained. The GaN etch rate was 4570 A/min. There was a column 
structure of height ~  1 \im formed on the surface. This may have been induced 
by the re-deposition of etch products.
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Etch Rate Sidewall Roughness
RF 6.7% 70% 2.6%
ICP 10% 28% 16.4%
Ts 6.7% 35.7% 6.0%
Ch 3.8% 12.6% 4.2%
Ar 3.8% 8.4% 11.2%
Pressure 6.6% 32.9% 20%
Table 3.6: The weighted effect table of ICP etching parameters on etch rate, 
sidewall angle, and surface roughness.
F igure 3.11: SEM image of sidewall profile of the sample etched by optimised
conditions.
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F igure 3.12: SEM image of etched bulk GaN.
Form ation  of C olum n S tru c tu re  after E tching
In the ICP etching for the GaN LED used in this study, a column structure 
was observed for all cases after etching. In order to extinguish the effect of the 
AlGaN and InGaN layers on the etching surface, one ICP etching experiment for a 
thick GaN layer (3.8 /xm) was conducted using the optimised condition described 
above. Figure 3.12 shows the SEM image of the etched features. It is seen that 
no column structure formed after ICP etching, indicating the significant effect 
of the AlGaN and InGaN layers. The etch products, A1C13 ,InCl3 , A120 3, and 
In2 0 3 , may be attributed to the formation of the column structure.
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3.6 Damage Induced by Si02 Sputter Deposi­
tion
Si0 2  has been an important material in the semiconductor industry since it is 
an abundant and dielectric material. For GaN-based device processing, Si02 can 
be used as a passivation layer or an etch mask for ICP etching. However, it has 
been found that the oxygen in S i02 can possibly diffuse into GaN [40, 43], and 
it may induced damage in GaN electronic devices.
Oxygen is an important residual impurity in GaN. It is generally believed that the 
oxygen residue contributes to the n-type conductivity in unintentionally doped 
GaN [44]. The source of oxygen may be from the growth or post-growth process. 
Wang et al [40] deposited a Si02 film on an unintentionally doped GaN film 
by e-beam evaporation and then removed it by buffered HF wet etching, and 
found that the oxygen concentration in the 3 fim  thick GaN was increased ~10 
times. A photoluminescence (PL) measurement showed that the intensity was 
dramatically decreased. This decrease may be attributed to the non-radiative 
recombination centres induced by the incorporated oxygen [40]. After annealing 
this sample in a rapid thermal annealing (RTA) system at 1100 °C in nitrogen 
for 50 seconds, the PL intensity was increased in comparison with the as-grown 
sample. It implies that both of the removal of defects and the improvement of 
crystal quality [45] contributes to the increase in the PL intensity.
Si02 deposition on p-GaN was also investigated [43], and oxygen diffusion into 
GaN was observed. The path for this diffusion is suggested to be the threading 
dislocations. There was no measurable change in the hole concentration for the 
sample annealed at 900 °C for 5 minutes. However, Lee et al. [46] discovered that 
annealing Si02-capped p-GaN at 850 °C to 900 °C for 30 minutes increased the 
hole concentration. Because the quantity and depth of the diffused oxygen atoms 
are proportional to the annealing time, higher oxygen concentration inside the 
p-GaN may change the material properties. The authors proposed that the im­
provement of hole concentration may be due to Si0 2  preventing the out-diffusion 
of cracked Mg from the Mg-H complex during annealing.
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Light emitting devices usually consist of quantum wells sandwiched between n- 
type and p-type semiconductors and the main emission of light originates in these 
quantum wells. According to Wang et al [40], the diffusion depth of oxygen from 
the capping layer was measured as high as 3 fim  , indicating the possibility of 
inducing damage by the oxygen diffusion process. Thus, it is essential to study the 
damage induced by Si02 deposition. In the experiment presented in the following 
section, the photoluminescence intensity of the quantum well was measured to 
determine the significance of sputtering parameters for the damage induced by 
SiC>2 sputtering deposition.
3.6.1 Basics of Ion Beam  Sputtering 
Ion Beam Source
A multi-aperture electron bombardment ion source was invented in 1961 by H. 
R. Kaufman as an ion thruster for space propulsion, and generates collimated, 
well-characterised ion beams from a wide choice of gas species [41]. When the 
ion energy is increased to a value higher than the threshold of bond-breaking 
for a given material, it can be used as a technique to dry etch and sputter this 
material.
Figure 3.13a shows an ion source with a dual-grid extraction system. In a novel 
ion source, the plasma is normally generated by applying RF or microwave power 
into the chamber, which is similar with the etching chamber described in Section 
3.2. The first grid of the extraction system is called the screen grid and is directly 
bolted to the body of the source, while the second grid, or the accelerator grid, 
is floated and connected to a negative voltage source.
The potential distribution along the direction of ion projection is shown in Figure 
3.13b. Because the screen grid is connected to the reactor, the ion energy is 
determined by the potential difference between sheath potential and screen grid 
potential.
The maximum current density in the extraction system can be obtained by solving
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Poisson’s equation (Eq. 3.9). For parallel plates, the maximum current density 
is given by [42]
between the two grids, respectively, and Vs and Vacc is the voltage of the screen 
grid and accelerator grid, respectively. According to this equation the maximum 
current is related to the potential difference between two grids in the extraction 
system. However, the increase in the voltage of accelerator grid enables only 
slight increase in the maximum current density because the space charges outside 
the accelerator grid tend to be decelerated by the accelerator grid, resulting in 
a screening effect for further incoming ions. Because the deceleration process 
occurs while ions are leaving the extraction region, the accelerator grid can act 
as a defocusing lens.
The RF power applied to the ion gun determines the plasma density. Hence, the 
increase in the RF power resulting in the increase in the extracted ion density. 
This effectively decouples the control of ion current and energy.
Ion Beam Sputtering Deposition
For a given material and ion energy, the deposition rate is given by
substrate, N mat is the number of the particles, M  is the mass of the particles, D 
is the density of the material, A sub is the substrate area, and t is time. Define a
(3.16)
where £o is the permittivity of free space, q /m  is the charge-to-mass ratio of the 
accelerated ions, Vt = (Vs — Vacc) and I is the potential difference and distance
Film Thickness
(3.17)
where rj is the fraction of the particles deposited on the substrate, which is a 
function of the collision processes along the path from the target material to the
10 0









F i g u r e  3 .1 3 :  Schematic of (a) an ion beam source and (b) the potential distri­
bution in the direction of ion injection.
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sputtering yield (Q) for a given material and ion energy:
N m a t  N m a t  * 777-0.6 777.Q.6 / n  h q \
= W ~ I  ti y ion *ionl/
where Nian is the number of ions, 1 ^  is the ion current. Combining Eq. 3.16, 
Eq. 3.17 and Eq. 3.18 gives
(A  \  ( q \ W  (Q A 9TidV?'2M \
{  DAsuhP )  {3' 19)
3.6.2 Photolum inescence
Photoluminescence (PL) spectroscopy is a contactless, nondestructive method 
of probing the electronic structure of materials. Light with energy higher than 
the bandgap of the material is directed onto the material, where it is absorbed 
and imparts excess energy into the material by a photo-excitation process. One 
way this excess energy can be dissipated by the sample is through the emission 
of light, or luminescence. In the case of photo-excitation, this luminescence is 
called “photoluminescence” [47]. The intensity and spectral content of this pho- 
toluminescence is a direct measure of various important material properties.
Specifically, photo-excitation causes electrons within the material to move into 
permissible excited states. When these electrons return to their equilibrium 
states, the excess energy is released and may include the emission of light (a ra­
diative process) or may not (a nonradiative process). The energy of the emitted 
light, or photoluminescence, is related to the difference in energy levels between 
the two electron states involved in the transition -  that is, between the excited 
state and the equilibrium state. The number of photons emitted is related to the 
relative contribution of the radiative process.
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F igure 3.14: Structure of InGaN MQW.
3.6.3 E xperim ent
The sample used in the experiment was an InGaN multiple quantum well (MQW) 
grown by MOCVD. After the growth of the undoped GaN buffer layer, 5 layers 
of In0.02Ga0.98N / Ino.0 9 Gao.9 1 N MQWs were grown with thicknesses of 269A /53A . 
Subsequently, an Ino.43Gao.57N and Alo.05Gao.95N layer was grown with a thickness 
of 297 nm and 358 nm, respectively (Figure 3.14). This sample was then cut into 9 
pieces and PL measurements were performed at room tem perature for each piece 
using a 325 nm He-Cd laser. The PL intensity was measured by means of a power 
meter. A Si02 layer was coated onto each sample by a Nordiko dual ion beam  
sputtering system . The deposition rate was measured by a stylus profilometer. 
The Si02 film was then removed by dipping the samples into 10% HF for 3 
minutes. Subsequently, a PL measurement was performed again to measure the 
change of PL intensity.
The configuration of the Nordiko dual ion beam sputtering system is illustrated 
in Figure 3.15. Ar+ ions are generated by applying 13.56 MHz RF power into 
the ion gun which is 10 cm in diameter. One neutraliser is installed in front of 
the ion gun to neutralise the emitted Ar+ ions, which eliminates the charging of 
the target. One 6-inch fused Si02 target was used for Si02 thin film deposition. 
O2 and Ar sources are introduced to the chamber from gun 2.
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F i g u r e  3 .1 5 :  Schematic of Nordiko dual ion beam system.
Symbols and Parameters Level 1 Level 2
A Screen Grid Voltage (V) 400 500
B Accelerator Grid Voltage (V) 200 300
C RF Power (W) 100 140
D 0 2 Flow Rate (seem) 12 20
E Ar Flow Rate (seem) 10 0
F Substrate Angle 9b (degrees) 0 25
T a b l e  3.7: Parameters and levels used in this study.
The experiment is based on the Taguchi method (see Section 3.5.1) such that 
it is possible to minimise the number of experiments. Parameters used in this 
study are the screen grid voltage, the accelerator grid voltage, RF power, 0 2 
flow rate, Ar flow rate, and substrate angle. All parameters contain two levels 
(Table 3.7) and an two-level orthogonal matrix was employed in the experimental 
layout (Table 3.8). The goal of this set of experiments is to obtain a high S i02 
deposition rate with a small decrease of PL intensity.
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No A B C D E F
1 400 200 100 12 10 0
2 400 200 100 20 0 25
3 400 300 140 12 10 25
4 400 300 140 20 0 0
5 500 200 140 12 0 0
6 500 200 140 20 10 25
7 500 300 100 12 0 25
8 500 300 100 20 10 0
T a b l e  3.8: Experimental matrix of the Si02 ion beam sputtering deposition 
tests, according to the Taguchi experimental method.
3.6.4 R esults and Discussion  
SiC>2 Deposition Rate
The effect plot of sputtering parameters for the deposition rates of Si02 is shown 
in Figure 3.16. It is seen that the screen grid voltage was the most significant 
parameter for the SiC>2 deposition rate. In practice, the sputtering yield for the 
ion energy less than 1 keV can be expressed as [19]
q = b (3-2°)(ra +  M )2 U0 v '
where b is a constant, Eian is the ion energy and U0 is the surface binding energy of 
the material being sputtered. According to Eq. 3.19 and Eq. 3.20 the deposition 
rate for a given material and ion in this experimental setup is given by
Rder OC r,EimV?12 »  aqV„{Vs -  Va<xf ' 2 (3.21)
This equation indicates that Vs is the dominant factor for the deposition rate, 
which is consistent with the experimental results.
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The increase in RF power can induce a larger sheath potential, resulting in a 
decrease in the ion energy. However, the increase in RF power can also increase 
the ion current because the plasma density has been increased. These results 
imply that the ion energy may be the dominant factor for the deposition rate of 
the S i02 film.
The accelerator grid voltage has minor effects on the deposition rate. The increase 
of the accelerator grid voltage only slightly increases the ion current and it may 
decelerate the ions that are just leaving the extraction region and subsequently 
reduce the ion energy.
Eq. 3.21 shows the factor 77, which is the function of the collision process between 
sputtered S i02 particles and A r /0 2 from gun 2, is proportional to the deposition 
rate. 0 2 has little effect on the deposition rate; 0 2 molecules can contribute 
to the scattering of S i02 and reaction of the non-stoichiometric SiO^. However, 
according to the momentum conservation law, the scattering effect of S i02 parti­
cles is less than that in Ar because the mass of Ar is larger than that of oxygen. 
In addition, the reaction of 0 2 and SiO^ is an attachment of oxygen atoms to 
the SiO*. This process maintains the ion energy but only slightly changes the 
impinging angle to sample. Hence, the contribution of the 0 2 flow rates is less.
Altering the substrate angle showed much less effect on the deposition rate. It 
implies that the scattering of the impinging S i02 particles on the sample is nearly 
independent of the substrate angle.
Decrease in PL Intensity
The PL intensity is determined by the number of excited electrons and the number 
of radiative and non-radiative recombination process. The former one is related 
to the excitation power, i.e. the power of 325nm He-Cd laser transmitted to the 
samples, while the latter one depends on the number of radiative centres. These 
two possible factors are examined below.
The first consideration is the change of laser power due to the surface modification
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F ig u r e  3.16: Effect plot of sputtering parameters for Si02 deposition rate.
induced by the SiC>2 particles, which depends on the bonding energy of the sample 
material when the energy and flux of impinging particles are constant. Mitani 
et al. [48] have studied the effect of sputter deposition of Si02 on GaAs surface. 
They reported that the thickness of the surface-modified layer was 7 - 9  nm as 
measured by TEM. Because the surface damage is strongly related to the material 
bonding energy and the bonding energy for GaAs is 6.5 eV in comparison with 
that of GaN 8.9 eV, InN 7.7 eV, and AIN 11.5 eV, the damage to the surface 
of GaN may be less than that in the case of GaAs. According to Eq. 2.28, the 
modification of light transmittance in GaN is estimated to be in the range 30 -  
50 nm for wavelengths 325 nm and 490 nm. Hence, this effect in GaN would be 
reduced.
Assuming that the total number of excited electrons (N au) is identical at the 
same materials and excitation power and all excited electrons undergo the re­
combination process, the PL intensity then is given by
PpL =  Nrad.Prad = (A A^ll ^non—rad) Prad (3.22)
where Prad is the power from one single radiative recombination process, Nrad and 
Nnon—rad is the number of radiative and non-radiative centres, respectively. To 
change Ppi either Nrad or Nnon_rad has to be changed. The decrease in the num­
ber of radiative centres may be due to the damage of MQW, while the increase of 
non-radiative centres may be achieved by newly introduced non-radiative centres
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in the bandgap.
The effect plot of sputtering parameters for the decrease in PL intensity is shown 
in Figure 3.17. The Ar flow rate is the most significant parameter.
According to the results of deposition rate experiments, the increase in Ar flow 
rate can reduce the deposition rate, indicating the presence of collisions between 
the sputtered SiC>2 particles and the Ar atoms in the path to the substrate. 
Because Ar is an inert gas, the collisions with Si02 particles are only physically 
energy transfer. The effect plot of sputtering parameter versus the decrease in PL 
intensity (Figure 3.17) shows that Ar flow rate is the most significant parameter, 
indicating that the reduction for the kinetic energy of sputtered SiC>2 particles is 
larger using higher Ar flow rate.
The screen grid voltage and RF power, which contribute to the change of ion 
current and ion energy, are the second most significant parameters responsible 
for the decrease of PL intensity. It implies that the total bombardment energy 
change for these two parameters is similar, and the change in the bombardment 
energy for the given levels is less than that induced by changing Ar flow rate for 
the given levels.
The substrate angle has less effect on the decrease of PL intensity. The bombard­
ment momentum of Si02 particles can be decreased by tilting sample; 25° tilting 
has decreases the bombardment momentum ~10% though the bombardment en­
ergy is nearly identical because most of the impinging SiC>2 particles are deposited 
on the substrate, i.e. ~100% energy transfer. It implies tha t the bombardment 
energy is the dominant factor instead of bombardment momentum.
Optimisation of Si02 Deposition Rate and Decrease of PL Intensity
A high Si02 deposition rate with low decrease in PL intensity is required for device 
processing. According to the method developed in ICP etching, one relative effect 
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F ig u r e  3.17: Effect plot of sputtering parameters versus PL intensity decrease.
Deposition Rate Decrease of PL Intensity
Screen Grid Voltage 100.0% 34.5%
Accelerator Grid Voltage 12.3% 12.4%
RF Power 8 .8 % 38.9%
O2 Flow Rate 8 .8 % 14.8%
Ar Flow Rate 26.3% 100.0%
Substrate Angle 1 .8 % 3.0%
T a b l e  3.9: The relative effect table of sputtering parameters on SiC>2 deposition 
rate and the decrease of PL intensity.
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Parameter Value
Screen Grid Voltage 500V
Accelerator Grid Voltage 200V
RF Power 100W
O2 Flow Rate 2 0  seem
Ar flow rate 1 0  seem
Substrate Angle 0 °
Table 3.10: The sputtering parameters used in the optimisation.
Deposition Rate Decrease of PL Intensity
Screen Grid Voltage 40.0% 20.7%
Accelerator Grid Voltage 4.9% 7.5%
RF Power 3.5% 23.3%
0 2 Flow Rate 3.5% 8.9%
Ar Flow Rate 10.5% 60.0%
Substrate Angle 0.7% 1 .8 %
Table 3.11: The weighted effect table of sputtering parameters on SiC>2 depo­
sition rate and the decrease of PL intensity.
In this optimisation, the weighting of the Si0 2  deposition rate and the decrease 
of PL intensity was chosen to be 40% and 60%, respectively. The weighted effect 
table is given in Table 3.11. It is seen that the value of accelerator grid voltage, RF 
power, O2 flow rate, Ar flow rate and substrate angle which gives lower decrease 
in PL intensity should be chosen, while the value of screen grid voltage which 
gives higher deposition rate has to be used. The sputtering parameters used in 
the optimisation are listed in Table 3.10. This condition has given a high SiC>2 
deposition rate, 290nm/hr, and a low decrease of PL intensity 54 fiW.
3.7 Summary
A comprehensive study of ICP etching of GaN LED structures has been under­
taken based on a Taguchi experimental design. ICP power appeared to be the 
most significant parameter for determining the etch rate of GaN. The observed
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domination of the chemical etching for GaN etching was consistent with earlier 
reports. RF power, chamber pressure and stage temperatures had a similar effect 
on the etch rates. This may be due to the effect of redeposition of the etch prod­
ucts. Higher RF power stimulates desorption of the etch products and partially 
contributes to the direct physical sputtering. A lower chamber pressure increases 
the electron temperature, resulting in the formation of more etch products and 
partially contributes to the low scattering of ions. Lower stage temperatures re­
sult in less etch products, resulting in less obstruction to further etching. CI2 and 
Ar flow rate showed only a minor effect on etch rate.
RF power demonstrated the dominant role for DC bias because of the induced 
strong electric field in the sheath region. Other parameters had a minor effect on 
the DC bias.
Sidewall angle has been found to be sensitive to the ion bombardment and the 
redeposition of the etch products. The dominant parameter was RF power which 
controls the ion bombardment energy. The stage temperature and chamber pres­
sure had a similar effect. These last two parameters are related to the size of the 
etch products. Higher ICP power induced more etch products deposited on the 
sample surface due to the increase in ion density, degrading the etching profile. 
CI2 and Ar flow rates showed a minor effect on the sidewall angle.
Surface roughness was found to be more dominated by the re-deposition of the 
etch products. ICP power and chamber pressure indicates this significance. Lower 
chamber pressure increases the electron temperature and then reduces the size of 
etch products. Higher ICP power mainly contributes to a higher ion drag force, 
resulting in more re-deposition of the etch products. Ar flow rate is the third 
most important parameter for this issue. The higher Ar flow rate contributes to 
a higher physical sputtering. This reduces the redeposition of etch products and 
then a smooth surface can be obtained.
The effect plots of etching parameters and relative effect table for the GaN LED 
structures were established. One method was constructed for optimisation of the 
required etching results. An optimisation experiment was conducted and this 
showed a vertical sidewall with etch rate 4570 A/min.
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A column structure was observed for all the samples after etching. In order to 
distinguish the effect induced by AlGaN and InGaN, one bulk GaN was etched 
used the optimised condition. A smooth etching surface and vertical sidewalls 
were obtained, indicating the additional AlGaN and InGaN have introduced the 
formation of the column structure. The etch products, AICI3 ,InCls, AI2 O3 , may 
act as micro-masks for the etching process.
The study of the decrease in PL intensity induced by Si0 2  deposition has been 
undertaken, again by a Taguchi experimental design. The decrease in the PL 
intensity may be due to either the damage of the MQW or the introduction of 
newly non-radiative centres, or both.
The results of the Si0 2  deposition rate experiments showed that the screen grid 
voltage is the most significant parameter affecting the Si0 2  deposition rate. The­
oretical calculation, based on the current density of ion gun and sputtering yield, 
shows agreement with the experimental results. However, the increase in RF 
power, which contributes to the increase in ion density, showed a minor effect on 
the deposition rate. It implies that the dominant factor for the deposition rate 
of Si0 2  in this experiment is the ion energy. The substrate angle is nearly inde­
pendent of the deposition rate. It is because the cross section of the impinging 
Si0 2  particles in the plane of the substrate angle (equal to zero) is only changed 
9% when the substrate rotates 25°.
The Ar flow rate was the most significant parameter in the decrease of PL the 
intensity. Because the deposition rate was decreased when increasing Ar flow 
rate, it indicates the presence of collisions between the sputtered Si0 2  particles 
and the Ar atoms in the path to the substrate. Therefore, increasing Ar flow rate 
is the most effective method in the experiments for reducing the kinetic energy 
of sputtered S i0 2 particles by collisions.
An optimisation experiment was carried out to obtain a high Si0 2  deposition rate 
with a low decrease of PL intensity. A 500V screen grid voltage, 200V accelerator 
grid voltage, 100W RF power, 20 seem O2 Flow Rate, 10 seem Ar flow rate, and 
0° substrate angle were the optimised conditions for these two given levels. A 
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GaN N anotube Formation and 
A pplication
4.1 Introduction
After the discovery of carbon nanotubes (CNTs) in 1991 [1], considerable efforts 
have been made to fabricate them and investigate their properties and potential 
applications. The synthesis processes for the fabrication of CNTs include chem­
ical vapour deposition (CVD) [2], electric arc [3], and laser ablation [4]. They 
can be used as nano-templates for making small structures of other materials [5]. 
They can be modified for catalytic purposes [6] and used for gas storage [7]. In 
1995 their use as a field emitter was studied and a very low turn-on electric field 
was obtained [8]. Because of their high strength and light weight, these nan­
otubes are an excellent candidate for the reinforcement of particular materials
[9]. Moreover, applications for the tips for the use as atomic force microscopes 
[10, 11] and emitters for field emission displays [12, 13] have been developed. 
Many studies for these tubes are still ongoing.
The structure of CNTs is the conformal mapping of a finite number of two- 
dimensional layers of graphite sheet onto themselves [31]. The typical diameter 
of these tubes is 1.2 - 25 nm and the length can reach several microns [31] (Fig­
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ure 4.1). Two distinct types of CNTs exist, depending on whether the tube 
walls are made of one layer (SWNT) (Figure 4.1a) or more than one (MWNT) 
(Figure 4.1b). The SWNTs consist of tubes made of single layers of graphene 
cylinders with a very narrow distribution in size range ( 1 - 2  nm) [14]. For the 
MWNTs, they consist of two or more concentric cylindrical shells of graphene 
sheets coaxially arranged around a central hollow with a constant separation 
between the layers which is nearly equal to that of the graphite-layer spacing 
(0.35nm) [1, 31]. Theory and experiments show that their Young’s moduli are 
at least as high as graphite (~1 TPa) and can be even higher for small SWNTs
[32]. For the MWNTs, the Young’s moduli are dependent on the degree of order 
within the tube walls. Different growth methods for these tubes demonstrates 
different mechanical properties. For example, the arc-grown MWNTs have a 
Young’s modulus close to the value of graphite, but this drops by about an order 
of magnitude for MWNTs grown by catalytic methods because of the presence 
of defects.
Carbon atoms in the carbon nanotubes are held together by strong sp2 bonds. 
The rigidity of these systems, combined with the virtual absence of atomic defects, 
may make them very good candidates for efficient thermal conductors. Hone 
et al [33] have measured the thermal conductivity of SWNTs and the room 
temperature thermal conductivity of an as-grown SWNTs is measured to be 0.35 
W/cm-K.
Another interesting property of CNTs is their resistivity. A measured resistivity 
for a SWNT is 0.016 O-cm, and the value can be made as low as 0.001 f2-cm 
by the addition of potassium or by bromine doping [34]. W ith a temperature 
increase from 200 K to 500 K, the resistivity maintains nearly the same value, 
indicative of metallic behaviour.
Oxidation of CNTs has been performed [35] and the nanotube tips were found 
to be much more reactive compared with the tube body. However, this reaction 
demonstrates less effect on a bio-compatibility experiment. Britto et al. [36] 
found that the bio-specimens in the bio-electrochemical reactions using the nan­
otube microelectrodes which is made by mixing nanotubes and binders do not 
get fouled in contrast to fouling when conventional graphite electrodes are used. 
This result demonstrates that CNTs are indeed bio-compatible. The major dif-
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GaN 288.1GPa 1.3W/cm-K 0.01 fhcm (n-GaN) Inert to most of
[38] [21] 2 fhcm (p-GaN) chemicals
CNTs lOOOGPa 0.35W/cm-K 0.15 ft-cm [34] Oxidise [35]
[32] [33]
Table 4.1: Comparison of properties of GaN and CNTs
ference between graphite and nanotube electrodes may be that the nanotubes 
mono-selectively expose the graphite basal planes where as all other graphitic 
and carbon materials have other planes exposed as reacting surfaces and thus 
changes the reaction kinetics [36].
GaN is a wide bandgap semiconductor with interesting physical, chemical and 
electrical properties. Table 4.1 demonstrates the comparison of some properties 
of GaN and CNTs. n-type and p-type GaN are both available and the resistivity 
is 0.01 fhcm and 2 fhcm, respectively, indicating the potential applications in 
nano-electronic devices. It is seen that the stiffness of GaN is lower than CNTs 
but its thermal conductivity is 4 times higher. In addition, GaN is inert to 
most chemicals, even most of acids and bases. This may enable GaN nanotubes 
to be applied in biological and chemical systems. Therefore, synthesis of GaN
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in the form of nanotubes is an attractive process for future nano-engineering 
components.
4.2 D islocations in GaN
The substrate of GaN epilayers grown by MOCVD is normally sapphire. Due 
to the lattice and thermal expansion coefficient mismatch, the quality of the 
GaN epilayer is not ordinarily good enough for electronic applications. An AIN 
buffer layer between sapphire and GaN was reported by Akasaki et al. [15] to 
dramatically improve the GaN epilayer quality, but the dislocation density was 
still in the range of 1010 cm-3. It has been found that the most dislocations are 
of the pure edge type [16]. The other kind of defect is nano-pipe which are long 
faceted empty pipes threading the entire thickness of the GaN epilayer [17]. The 
radius of these pipes is in the range 35 -  500 Aand they appear to propagate 
along the c-axis of the film [17].
The rapid evaluation of the dislocation density in GaN film is important for the 
further improvement of crystal growth. TEM is the most promising method for 
determining the dislocation density. However, the sample preparation is very time 
consuming. Photo-enhanced wet etching in a KOH solution was found to rapidly 
reveal dislocations in GaN [18]. This is because after etching n-GaN films in 
diluted KOH solution with the irradiation of 325 nm Hg arc lamp, the formation 
of whiskers was observed (Figure 4.2). The whiskers are approximately 50 nm 
thick and 1 fim  tall and the 1 fim  height corresponds to the removal of 1 fim  of 
the GaN material. The authors suggested that the formation of the whiskers is 
located around the threading dislocations.
Hino et al. [39] investigated the formation of etching pits after HC1 vapour-phase 
etching. Figure 4.3 shows the TEM pictures of the etching pits and dislocations 
were found at the centre of these pits. The density of the etching pits is consistent 
with the dislocation density measured by TEM, indicating that it is an alternative 
method for revealing dislocations. Visconti et al. [19] confirmed that the number 
of etch pits after exposure to H3PO4 and molten KOH was very close to the 
dislocation density.
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F igure 4.2: SEM pictures of whiskers produced by selective etching of disloca­
tions [18].
Figure 4.3: TEM pictures for a (a) screw dislocation and (b) mixed dislocation
[39].
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4.3 Piezoelectric Effect in D islocations of GaN
The piezoelectric effect has been known to be strong in group III-nitrides [20]. 
The strain distribution associated with the dislocations may contribute to vary 
the surface potential through the piezoelectric effect. The piezoelectric effect 
associated with screw dislocations, which may be revealed after etching, in GaN 
[24] is described below.
Consider a right-hand screw dislocation with Burger vector b  =  (0, 0, bs) (Figure 
4.4), which is defined as the dislocation-displacement vector. It is seen that the 
displacement ux=uy= 0 and uz is discontinuous at the cut surface defined by y=0, 
x>0: [22]
lim uz(x, - f ) -  uz(x, £) =  bz £ > 0 (4.1)
>0, x > 0
Assume that in an isotropic medium the displacement uz increases uniformly with 
the angle 0 to give the discontinuity,
u^ r-e)=6i  = i tan"1f <4-2)
The distribution of displacement, us, can be written as column vectors
b \ T
us =  (usx, usy, usz)T = ( 0,0, ^  tan -1 -  ) (4.3)
The strain, Ss, is calculated and expressed in contracted matrix notation:
27T x 2 +
Consider a screw dislocation in GaN, which is parallel to the c-axis of GaN. The
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F i g u r e  4.4: Illustration of a screw dislocation.
piezoelectric tensor is given the form [23],
0 0 0 0 ^15 0 ^
0 0 0 ^15 0 0
^31 631 ^33 0 0 0
(4.5)
so that the piezoelectric polarisation (P s) can be written as
P ,  — e x  Sc — M l5  1_
27t x 2 +  y 2





4.4 G aN  N anotube Formation
The results of photo-enhanced etching for GaN demonstrates the ability to se­
lectively etch down through the dislocations. It therefore may be applicable to a 
dry etching process. Furthermore, the reactive ions in a dry etching chamber can 
enhance this selective etching in dislocations because as has been shown there 
is a strong piezoelectric field around the dislocations. Therefore, the following 
experiment has been designed to investigate the fabrication of GaN nanotubes.
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4.4.1 Experim ent
The GaN samples used in this study were grown on (0001) oriented sapphire by 
an Aixtron metalorganic chemical vapour deposition (MOCVD) reactor. After 
the nucleation process was completed, an undoped GaN epitaxial layer was grown 
at 1 1 0 0  °C to a thickness of 3.8 fim. Inductively coupled plasma (ICP) etching 
was then used to treat the samples. The gases employed in this process were CI2 
and H2 with a flow rate of 50 seem and 1 2  seem, respectively. During etching 
the chamber pressure was maintained at 15 mTorr. The power for the ICP and 
RF power was set at 200W and 250W, respectively. The stage temperature 
was set to 29 °C with a ramp-up rate of 2 . 6  °C/min. The etch rate on the 
sample surface was subsequently measured by use of a stylus profilometer. In 
order to investigate the transition of the etched surface, different etching times 
were used and the surface changes studied by atomic force microscopy (AFM) and 
scanning electron microscopy (SEM). After etching for 10 minutes, the protruding 
remnant surface structures of this sample were removed from the etched surface 
by scraping and the product placed in de-ionised water. Several drops of the water 
containing the specimen were then dripped onto a copper grid which supported a 
thin electron transparent carbon film. The microstructures of the specimen were 
then examined by transmission electron microscopy (TEM). Energy dispersive 
X-ray micro-analysis (EDX) was used to study composition of the samples.
4.4.2 R esults and Discussion
The etch rate for the GaN film, using ICP etching under the conditions described 
above, was 234 nm/min. The shape of the nanotubes is of a regular cylinder 
on the outside (Figure 4.5). A more complex structure was observed inside the 
nanotubes. It is cylindrical at the top open end. At some distance inside the 
cylinder the inner radius begins to reduce and diminishes until the base of the 
GaN becomes solid. More detailed structural information was obtained in the 
TEM image (Figure 4.6). The gradual decrease in intensity from the centre 
towards the edge of the column demonstrates that the edge was thicker than the 
central part and hence it was deduced that structure is in the form of a tube. The 
hollow part extends 1  fim  from the top of the tube and then becomes narrower.
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1
F i g u r e  4.5: SEM picture of a GaN nanotube.
The inner and outer diameter for the uniform part of the nanotube is ~160 nm 
and ~ 2 0 0  nm, respectively.
The composition of the material making up the nanotubes was established by 
XRD, EDX and TEM electron diffraction patterns, which were obtained by fo­
cusing the electron probe at the top and bottom of the nanotube. The diffraction 
pattern obtained from the top and bottom part of the nanotube was the same, 
giving the identity of the material. A distinct GaN (0 0 0 2 ) peak was found in 
the XRD trace of the sample and the diffraction pattern was consistent with 
GaN. Gallium and nitrogen peaks were found using EDX, confirmation that the 
material making up the nanotubes is GaN.
Figure 4.7 shows the AFM images of the effect of etching time at the surface. 
For the as-grown GaN (Figure 4.7a), the surface was smooth and flat with an 
RMS roughness 0.8 nm and a small pit was observed with a diameter ~50 nm. 
There are two lines terminated at the pit and the height of the steps is on the 
atomic scale. This suggested the association of a dislocation terminating at the 
surface [25]. After etching in a C ^/A r plasma for only 5 seconds (Figure 4.7a), 
the surface morphology was dramatically changed. Many etch pits were observed 
and may be due to the presence of dislocations [19, 39]. The rough surface may 
be due to the preferential etching of defects and dislocations. Figure 4.7c and 
4.7d illustrates the surface after etching for 10 seconds and 30 seconds. The
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0.2  |jm
F i g u r e  4.6: TEM picture of a GaN nanotube.
126
C H A PTER  4. G AN NA NO TU BE FORM ATION A N D  APPLICATION
surface morphology remained similar but more etch pits were observed in Figure 
4.7d. More and more etch pits were revealed after etching for 50 seconds and 
100 seconds (Figure 4.7e, 4.7f). The observed etch pits were similar to that seen 
after wet etching [18, 19, 39].
AFM measurement results showed that the surface density of the etch pits for 
the sample etched for 50 seconds was 3.2xlO 7  cm-2. Note that the density of 
GaN nanotubes is 3.8xlO 7 cm-2, very close to the etch pit density. On the basis 
of the association of etch pits and dislocations, it implies tha t a dislocation is 
still present in the centre of the nanotube at the bottom end, which has not been 
etched out. Results from diffraction patterns for GaN nanotubes revealed further 
evidence of structural defects. The TEM diffraction pattern (Figure 4.8) showed 
a GaN (0002) diffraction spot associated with an extra spot adjacent to it, with 
an indication of streaking in the spot, indicating the existence of both twins or 
stacking faults and elastic strain within the structure. There are linear contrast 
features in the TEM image of the nanotubes which are indicative of stacking 
faults or micro-twins. These occur at an angle of ~60° to the (0002) axis of the 
nanotube.
Masking effect of nanometre-scale etch products was first considered to explain 
the formation mechanism of the GaN nanotubes. This effect was first introduced 
in Section 3.5.3. The GaN nanotips have diameters between lOnm and 30nm and 
the density is approximately 8  x 109 cm-2. For the GaN nanotubes presented 
in this chapter, the structure and the density are significantly different to the 
nanotips. Being a nanotube, not a nanotip, it has a hollow core and the outer 
diameter is 2 0 0 nm, which is much larger than the nanotips, and the number 
density was measured to be 3 .8x l0 7 cm-2, which is much lower than that of 
nanotips. In addition, the distribution of the GaN nanotubes can be aligned to 
certain directions (Figure 4.10). Yoshida et al [37] observed structures similar 
to the nanotips shown in Section 3.5.3. Numerical simulation calculations for 
the formation of the GaN nanotips was performed by the authors and a random 
distribution of the nanotips was suggested. Furthermore, no GaN nanotips or 
nanotubes were observed for the GaN film etched in the Cl2 /A r 2 plasma under 
certain etching conditions (Figure 3.12). These results suggested that the for­
mation of GaN nanotubes may be sensitive to the etching conditions and the 
masking effect of nanometre-scale etch products may not be a valid explanation
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(a) (b)
(e) (f)
F ig u r e  4.7: AFM images of a 3.8/xm-thick GaN film before and after ICP 
etching for (a) 0 second, (b) 5 seconds, (c) 10 seconds, (d) 30 seconds, (e) 50 
seconds and (f) 100 seconds. Note that the black to white scale is 15 nm.
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F i g u r e  4.8: X-ray diffraction pattern of a GaN nanotube.
for the GaN nanotube formation. An explanation which is considered to be more 
feasible in this case is given below.
During the ICP etching of GaN, the etch rate appeared to be more affected by 
the chemical reaction (see chapter 3). It implies that the Cl+ species contributed 
significantly to the etching because it is very reactive and is the dominant ion in 
the CI2 plasma [40]. The electric field, E^c, built up by the sheath potential in 
the sheath region extracts and accelerates the Cl+ ions from the plasma region to 
bombard the sample surface (Figure 4.9a). When the Cl+ ions approach the sam­
ple surface, they preferentially etch screw dislocations because the atoms around 
the dislocations are weak-bonded and there is a strong piezoelectric polarisation, 
P s, along the screw dislocations (Figure 4.9a) [24]. In Section 4.3 it was demon­
strated that there is a piezoelectric polarisation inside the screw dislocations of 
GaN. The impinging Cl+ ions tend to follow the piezoelectric polarisation, re­
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suiting in circular motions. According to Eq. 4.6 one can deduce
divPs =  0 (4.7)
which is in the same form of Maxwell’s equation div B =  0. It implies that 
the piezoelectric polarisation has the same form as that of a magnetic field sur­
rounding a conducting line. Based on the continuum approximation, there is no 
piezoelectrically induced effective charge density associated with the dislocation, 
either at the core or in the surrounding bulk material. It implies that the Cl+ ions 
which react with the GaN surface are only affected by the piezoelectric field. The 
consequent circular motion may contribute to the formation of the cylindrical 
shape of the GaN nanotubes.
The Cl+ ions accumulated in the vicinity of the individual dislocations will bend 
the path of incoming Cl+ ions. When the depth of the etched out hollow core 
of the dislocation reaches a certain value, the etch rate would gradually degrade 
because of repelling electrical force due to the accumulated charges residing within 
the core of the nanotube on the incoming Cl+ ions and redeposition of etching 
products. The curved top of the nanotubes may be due to the shape of the etching 
ion path from a certain point a short distance above the top of the nanotubes. In 
addition, the formation of the wall of the nanotubes was the result of much lower 
horizontal etch rate. It was possibly due to the repelling force from the Cl+ ions 
inside the nanotubes and anisotropic etching in this process. The piezoelectric 
polarisation in the original dislocations contributed to the cylindrical shape of 
the nanotubes.
To confirm the mechanism of nanotube formation, artificially introduced disloca­
tions were generated by scratching along the GaN slip plane (1010). Subsequently, 
the sample was etched for 300 seconds under the conditions specified above. It 
is clear that large populations of nanotubes are generated protruding from the 
sites of these newly introduced dislocations (Figure 4.10). The result provides 
strong support to our explanation that the formation of the nanotubes is due to 
the presence of the original dislocations.
The formation of column structures after ICP etching has been observed (see
1 3 0
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F igure 4.9: Etching at different times: (a) etching at an early stage, and (b)
etching at the final stage.
Section 3.5.3). It may be attributed to the re-deposition of the sputtered SiC>2 
particles on the GaN surface .
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F ig u r e  4.10: SEM image of GaN nanotubes protruding from the GaN film, 
aligned along the (1 0 1 0 ) scratch direction.
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4.5 Characterisation of Field Emission from 
GaN Nanotubes
4.5.1 Introduction
Field emission is the process whereby electrons tunnel through a barrier in the 
presence of an electric field which is high enough to penetrate the barrier. The 
theory of field emission from metals was first derived by Fowler and Nordheim
[30] in 1928, who assumed that most of the emitted electrons originate from a 
small energy interval around the Fermi level of the metal if the temperature is not 
too high. According to their theory, the barrier height between the material and 
vacuum and the electric field acting on the material determines the characteristics 
of the field emission process for this material. The barrier height is related to the 
electron affinity and Fermi level, which are determined by the nature of materials, 
while the electric field acting on the electrons inside the material determine the 
thickness of the barrier. Because tunnelling processes of electrons is the main 
mechanism for the field emission, the applied electric field has to be high enough 
to reduce the barrier thickness to stimulate the tunnelling processes. In addition, 
it is well-known that a sharper surface has a higher electric field according to 
Gauss’s law. This effect, or geometric field enhancement effect, can increase the 
field emission current. Hence, it is of interest to have sharp emission surface, e.g., 
nanotubes, for field emission tips.
III-V nitrides are of interest for the fabrication of cold cathode field emitters 
because they exhibit the property of low electron affinity. The electron affinity 
of GaN was reported to be 3.3 eV [26]. Negative electron affinity was found in 
caesiated GaN [26]. An alternative method to ‘engineer’ a decrease in the turn-on 
electric field can be achieved by modifying the surface microstructure. Forming 
a network of upstanding whiskers or nanotubes on the semiconductor surface 
provides sites for geometric field enhancement to occur. The field enhancement 
present at the tip of a single whisker compared with a smooth surface can increase 
the value of an externally applied electric field at which electrons are extracted 
from the conduction band. This occurs because the field enhancement induces 
very strong band bending at the semiconductor-vacuum interface, this causes a
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F ig u r e  4.11: (a) GaN pyramid array, (b) tip of GaN pyramid, and (c) Gated
GaN pyramid structure [27].
narrowing of the vacuum barrier allowing electrons to tunnel more easily from 
the conduction band into the vacuum.
Kozawa et al. [27] have fabricated gated GaN and Alo.1Gao.9 N/GaN pyramidal 
field emitter arrays using a self-aligned process (Figure 4.11). The sharp pyrami­
dal emitters were obtained by selective growth techniques. Si0 2  and polyamide 
were used as the insulating layer between the GaN under layer and the top Ni 
gate. A low onset gate voltage of 42V was obtained for a gate-tip spacing of
0.4 fim. This achievement is mainly due to the geometric field enhancement and 
the short distance between gate-tip spacing. Sugino et al. [28] used H2 plasma 
etching to roughen the GaN surface from RMS surface roughness lnm to 17.9nm. 
There is no current measured for the as-grown GaN sample for the voltage of an­
ode 4000V, while the roughened sample gave the threshold voltage 1550V. The 
improvement was considered to be the geometric field enhancement induced by 
the rough surface.
Nanotubes are an exciting new development of materials and many varied ap­
plications are foreseen in mechanics [9], chemistry [6 , 7] and electronics [12, 13]. 
They are of particular interest for cold cathode emitters because of the high ge­
ometric field enhancement factor. The fabrication of GaN nanotubes has been 
successfully demonstrated by the technique described in this chapter. In the fol-
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F ig u r e  4.12: Schematic of an energy diagram for a metal-vacuum inter­
face. Note that the barrier height ((f)) for the electrons of kinetic energy Ee
is 0 — (pm T Ee.
lowing experimental work, n-GaN nanotubes were produced and the field emission 
properties were characterised.
4.5.2 B asics o f F ield  Em ission
When an electric field F  is applied to the surface of a metal, electrons of kinetic 
energy Ee, which depends on the energy level the electrons situated, along the 
emission direction see a barrier of height <p = (pm + /i — Ee (Figure 4.12), where 
(pm and [i are the work function and the energy of Fermi level of the metal, 
respectively. If the barrier is thin enough, tunnelling of electrons will occur 
with finite probability. Heisenberg’s uncertainty principle may be applied to the 
electrons near the Fermi level because tunnelling is a quantum mechanism. The 
electron momentum corresponding to a barrier height cp is given by y/2m p  and the
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This gives the condition required for field emission through the trian­
gle potential barrier. Solving the one-dimensional Schrodinger equation 
d2*!/ 2m
—-----1- -r^r\E — =  0 where V  and E  are the electron’s potential and ki-
ax
netic energies, respectively. The penetration coefficient D(E,V), which is the 
probability that an electron travelling to the right will not be turned back at the 
barrier but proceed through it, can be obtained:
D (E ,V ) = f(E ,V )e x p (4.9)
Assuming that there is no image force induced band bending, the term 
fn (V  — E )1/2dx  is close to the area of a triangle with base I =
F  E
and height (<j>m + fi — Ee). Substituting the integral Eq. 4.9 becomes
D (E ,V ) = f ( E e,V )ex p _ f  2m \ 1/2 ( i + Eef!2 
\  h2 )  eF
which is a similar form to that calculated by Fowler and Nordheim [30],
D (E ,V )  =
4 [Ee(0m +  ^ - E e)]1/2
exp
(^m +  AO 
_ 4 / 2 r o \ 1/2 (<j>m +  /r — E e)3/2 
3 \ h 2 )  ' eF
(4.10)
Restricting the range of electron kinetic energies to those approximately equal to 
the Fermi energy level by putting Ee = ji in Eq. 4.10 gives
D{E, V) =  exp
(0m T /i)
-6 .8  x 107 0r
3/2
(4.11)
for in volts and F  in volts per centimetre. The emitted current density (J) can 
be approximated by multiplying Eq. 4.10 by the total rate of arrival of electrons,
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or
J  =  6.2 x lo^ / ^ ^ FexD -6 .8  x 107^ —  A/cm2(4.12)
4.5.3 The Fowler-Nordheim Plot
Assuming [l w E e and the field F  =  (3V/d, where (3 represents the field enhance-
where B\ and B 2 are physical constants. Taking the natural logarithm of both 
sides of the equation,
The plot ln(i/V 2) against 1/V is called the Fowler-Nordheim (F-N) plot [30]. The 
field enhancement factor /? and emission area are then estimated from this plot.
4.5.4 Experim ent
The n-GaN samples used in this study were grown on (0001) sapphire by 
MOCVD. The Si-doped n-GaN thickness was 740 nm. Hall measurements showed 
the electron concentration was 3 x l0 18 cm-3. The fabrication process has been 
described in Section 4.4.1. The etching time is reduced because the thickness of 
the GaN film is thinner. Atomic force microscopy (AFM) and scanning electron 
microscopy (SEM) were used to image the surface morphology.
ment factor, V  and d is the applied potential and the distance between anode 
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Electron field emission measurements were conducted in an ultrahigh vacuum 
chamber. During the measurement, the chamber pressure was kept below 10~6 
Torr. The measurement setup is illustrated in Figure 4.13. Emission current 
versus applied voltage (I-V) was characterised by varying the voltage from 0 to 
2500 V. The anode to cathode gap was altered to allow measurements to be 
made with different electrode spacing. A conductive ITO-glass screen was used 
as the anode plate. The anode to  cathode separation was controlled by the use of 
spherical glass spacers placed between each corner of the sandwiched substrates. 
I-V measurements were obtained with a computer controlled Brandenburg Alpha 
III, high voltage power supply and a Keithley 2000 multimeter.
4.5.5 R esults and Discussion
Surface morphology of as-grown and etched samples is shown in Figure 4.14. A 
smooth surface was observed for as-grown n-GaN and the surface roughness was 
1.7 nm. Figure 4.15 is an SEM image of n-GaN etched for 3 minutes. The density 
of nanotubes was 5.9x 107 cm-2. The average dimensions of n-GaN nanotubes 
were approximately 600 nm for the height, 300 nm for the outer diameter, and 
200 nm for the inner diameter. The formation mechanism of GaN nanotubes was 
mainly attributed to the dislocations and the piezoelectric field. Details are given 
in section 4.4.2.
Figure 4.16 shows the field emission characteristics of as-grown and etched n- 
GaN . The turn-on electric field was measured to be 74.6 V//mi. After being 
treated with ICP etching, the turn-on electric field was dramatically reduced to 
24.9 V//xm. Hence, the contribution of etching-induced change was significant.
Figure 4.17 shows the band diagram for a n-type semiconductor. When a strong 
field is applied to the material, the conduction band minimum (CBM)may be bent 
to the energy level lower than Fermi level. Consequently, a ‘pool’ of elections will 
collect in this depression of the CBM. The metallic nature of the electron pool 
indicates that Eq. 4.12, originated from the Fowler-Nordheim theory [30], is 
considered applicable.
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Figure 4.18 shows the F-N plot for as-grown GaN and GaN nanotubes. A linear 
distribution has been obtained for these two samples, which is consistent with the 
Fowler-Nordheim theory. According to Eq. 4.14, the slope S  of the straight trend 
line in this plot is proportional to d//3, assuming that the physical constants and 
work function are identical or
The field enhancement factor /3 for the GaN nanotubes was then estimated based
the as-grown GaN, indicating that the small emitter size of the GaN nanotubes 
contributes to the lower electric field required for field emission.
By comparing the intercepts (£) in the Fowler-Nordheim plot, the emission area 
for these two samples can be deduced, or
no change in the work function of n-GaN after etching since a stoichiometric 
etched surface was reported after high density plasma ECR etching [42], the 
ratio of intercepts becomes
Estimating the area ratio from the SEM image (Figure 4.15) one can obtain a 
ratio of ~43, indicating a good agreement to the deduced value from Fowler- 
Nordheim theory. The result shows that the majority of the electrons may be 
emitted from the GaN nanotubes.
(4.15)
on this equation. It was found that the value of /3 is ~5 times higher than that for
_  exp(C)0md2 (4.16)
Denoting the as-grown n-GaN as ‘a’ and the n-GaN nanotubes as ‘b ’ and assuming
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4.6 Summary
GaN nanotubes have been fabricated by ICP etching of MOCVD GaN films. The 
GaN nanotubes formed under the conditions of chamber pressure=15mTorr, ICP 
power=200W, RF power=250W, Cl2/H2=50/12sccm and the stage temperature 
29 °C with a ramp-up rate of 2.6 °C/min. The shape of the nanotubes is that 
of a regular cylinder outside and the uniform hollow part extends 1 /jlm from the 
top of the tube and then becomes narrower. The inner and outer diameter of the 
uniform part of the nanotube is ^160 nm and ~200 nm, respectively. All GaN 
nanotubes were single crystal with the alignment of c-axis.
XRD, EDX and TEM electron diffraction patterns showed the composition of 
the material making up the nanotubes is single crystal GaN containing defects 
and dislocations. The stacking faults or micro-twins can be seen in TEM pic­
tures. AFM images revealed the etching pits and the density was estimated to 
be 3.2 xlO7 cm-2 which is very close to the density of GaN nanotubes 3 .8x l07 
cm-2.
The formation of GaN nanotubes may be aided by the electric field induced by 
the sheath potential and piezoelectric field induced by dislocations. These two 
fields affect the motion of reactive ion Cl+ in the vicinity of GaN surface. The 
energetic reactive ions preferentially etch the dislocations and piezoelectric field 
induces a circular motion for these ions, resulting in the formation of cylindrical 
hollow core. The formation of the walls of these GaN nanotubes is believed to be 
the repellency of reactive ions from the ions inside the cylindrical hollow cores.
Confirmation of the formation mechanism has been achieved by artificially in­
ducing dislocations along the GaN slip plan (1010). After ICP etching for 300 
seconds, large population of nanotubes were formed from the site of these newly 
introduced dislocations. It provides strong support to the explanation that the 
formation of the nanotubes is due to the presence of the dislocations.
One application of GaN nanotubes, field emission tips, was explored. The GaN 
nanotubes used in this study were n-type with the electron concentration at 
3 x l0 18 cm-3,average height 600 nm, and inner diameter 100 nm with a wall
14 0
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thickness of 100 nm. The turn-on electric field was dramatically reduced from 
74.6 V //im  for the as-grown n-GaN to 24.9 V//im  for the n-GaN nanotubes, 
indicating the contribution of the etching process. A Fowler-Nordheim plot was 
established and a linear characteristic was obtained, showing consistency with the 
Fowler-Nordheim theory. The field enhancement factor for the GaN nanotubes 
were estimated based on the slope in the Fowler-Nordheim plot and to be ~5 
times higher than that of the as-grown GaN. By comparing the intercepts in 
the Fowler-Nordheim plot the ratio of the emission area (Aas- grown/A nanotubes) is 
estimated to be 50. This ratio is in a good agreement with the value extracted 
from the SEM image, implying that the majority of the emitted elections may be 
from the tips of the GaN nanotubes.
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F i g u r e  4.13: Schematic for the field emission measurement.
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F ig u r e  4.16: Field emission I-V characteristics of as-grown n-GaN and n-GaN
nanotubes.
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F igure 4.18: Fowler-Nordheim plot for as-grown GaN and GaN nano-tubes.
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High Efficiency GaN-based Light 
Em itting D iodes
5.1 Introduction
Light emitting diodes (LEDs) have been widely used since the 1960s [1]. The 
operating voltage and current of LEDs are low, typically 1.5 -  4 V and 10 -  20 
mA, indicative of a low power consumption; they can be produced to a very small 
size, and so can be considered as point sources of light. These characteristics have 
made them a desirable light source for mobile electronic devices. The emission 
spectrum of LEDs is relatively narrow, and they can be switched on and off on 
the order of 10ns. These properties are attractive for applications in optical data 
communication. In addition, LEDs are cold lamps and they can be designed to 
give more directional light. These characteristics reduce the pollution of heat and 
light to the environment.
The applications of LEDs have dramatically increased since the 1990s because 
blue and green LEDs have been readily available since then. Full colour LED 
displays [2] and traffic lights [3] have been commercialised. Another important 
application of LEDs is to producing white light sources. Commercially a blue 
LED is used to excite phosphors coated either on the top or bottom  of the LED
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[4]. The blue and yellow colour mixture gives white light. Because the packing 
of LED white light sources is very small, the application in the backlighting of 
LCD screens has been commercialised [5]. For the applications described above, 
high brightness LEDs are clearly desirable. In this chapter, one design for p-GaN 
ohmic contacts was aimed to achieve highly efficient current spreading and light 
extraction, which results in a stronger light emission.
5.2 LED Operational Theory
LEDs are semiconductor p-n junctions that under proper forward-biased con­
ditions can emit external spontaneous radiation in the ultraviolet, visible, and 
infrared regions of the electromagnetic spectrum. A p-n junction consists of a 
p-type semiconductor, which has extra ‘holes’ inside the material, and a n-type 
semiconductor, which has extra electrons inside the material. In an intrinsic 
semiconductor, the Fermi level is given by [6]
E , . f  + 5 « r i n g )  (5.1)
where Eg is the bandgap energy, kp is the Boltzmann constant, T  is temperature 
and m*h and m* are the effective hole and electron masses, respectively. When 
dopants are introduced to the semiconductors, the Fermi level is then changed. 
This energy level, named the quasi-Fermi level, in a doped semiconductor is given 
by [6]
Ui
Epn = Ep +  kpT  In I —
Epp = Ep +  kpT  In Pi_
Ni
(5.2)
where Epn and Epp are the quasi-Fermi level in the n-doped and p-doped semicon­
ductor, respectively, and rii, pi} and Ni are the carrier concentrations of n-doped,
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F ig u r e  5.1: Carrier distribution in p-n junction under (a) zero and (b) forward
bias.
p-doped and an intrinsic semiconductor, respectively. When these two semicon­
ductors are brought together, a thermal equilibrium condition, which aligns the 
Fermi level, is established. According to Eq. 5.2 it is seen that the valence and 
conduction band have to shift to compensate the difference in the quasi-Fermi 
level (Figure 5.1a). When a forward bias {Vappiied) is applied to a p-n junction, 
the quasi-Fermi level in the n-side is moved up relatively to that of the p-side 
and subsequently the electrons in the n-type side have sufficient energy to move 
across the junction to the p-type side (Figure 5.1b).
In order to restore the thermal equilibrium condition, recombination of electrons 
and holes take place. The possible recombination processes for a single level 
system are (Figure 5.2):
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F ig u r e  5.2: Illustration of a the recombination of carriers for a semiconductor: 
(a) band-to-band recombination, (b) electron capture, (c) electron emission, (d)






In order to see the effect of trapped energy levels, a simplified condition, which 
assume a single level system and the hole and electron capture cross sections 
= <JP = cr, is considered. The recombination rate ( U) is given by [6]
where vth is the carrier thermal velocity, Nt is the trap density, and Et is the trap 
energy level. It is seen that the recombination rate approaches a maximum as the 
energy level of the recombination centre approaches the middle of the bandgap,
i.e. E t «  Ep- Thus, the most effective recombination centres are those located 
near the middle of the bandgap.
U = crvthNt cm 3/s  (5.3)
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5.2.1 Internal Radiation
For a given input excitation energy, the radiative recombination process is in 
direct competition with the non-radiative process which may be induced by 
dopants, defects and dislocations. Hence, higher rates of radiative recombination 
process are desirable for LEDs. The band-to-band recombination is the dominant 
radiative mechanism in the electroluminescence LEDs. Thus, the corresponding 
emission wavelength (A) is given by,
\  hC 1 > 2 4  /  r  ,4\A =  —  =  -e t-  m  (5-4)
^9 &9
where h is Planck’s constant and c is the speed of light.
Consider an LED in which the intrinsic, quasi-Fermi and trap levels are identical 
under forward biasing and intermediate current injection condition. Based on 
Eq. 5.3 the energy of radiative emission is given by
Erad — ^  Ufad dx A • t tllS
Erad OC Ni • A OC I • A (5.5)
where the subscription “rad” denotes the radiative recombination, A is the area 
of the active region, t is the time and I  is the injection current. It is seen that 
the light emission power is proportional to the current injection and experimental 
works have shown the agreement (Figure 5.3) [14, 13]. According to Eq. 5.5, the 
condition for increasing the light emission power in the same LED structure is to 
increase either the injection current or the area of the active region.
5.2.2 Light Extraction from LED Structures
When light is generated in the active region, it starts to propagate inside the 
semiconductors. There are three loss mechanisms which reduce the intensity of
1 5 2
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I (mA)
F ig u r e  5.3: Light emission power vs. injection current for a GaN-based LED 
[14]. Note the near-linear characteristic for the injection current between 20 and
70 mA.
the emitted light:
(1) absorption within the LED material,
(2) Fresnel loss at the interface,
(3) critical angle loss due to total internal reflection.
The first mechanism can be seen in the light emitting devices consisting of highly 
light-absorptive semiconductors, e.g., GaAs. Part of the generated light tends 
to be absorbed by these semiconductors. In order to re-direct emitted light to 
the surface, additional distributed Bragg reflectors (DBRs), which have a nearly 
100% reflectance at certain wavelength, are of interest to eliminate the absorption 
effect. The DBR coated onto the backside of the active region can reflect more 
light propagated downward, resulting in more light emission from the surface 
(Figure 5.4).
Fresnel loss is a reflection loss. When the refractive index of the semiconductors 
and medium is different, the light inside the semiconductors will be reflected in 
the interface, resulting in low extraction of light. Anti-reflection coating, which
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F ig u r e  5.4: Illustration of a distributed Bragg reflector (DBR) coated in the
backside of a LED structure [22].
employs the destructive wave mechanism, can reduced this effect (see Section 
2 .2 .1).
Critical angle loss is due to the fact that the refractive index of semiconductors 
is normally larger than the medium. When the light inside the semiconductors 
reaches the interface, it tends to be bent away from the normal, so the exit angle 
(Ot) is greater than the incident angle (0{) (Figure 5.5a). It is seen that all the 
emitted light will be trapped inside the semiconductor when 9t = 90°. It is termed 
the total internal reflection; the incident angle is named the critical angle 0C. The 
condition based on Snell’s law is given by
n2 sin 6i =  n\ sin 9t
sin0c =  — (5.6)
n2
where n\ and n2 are the refractive index for a semiconductor and medium, re­
spectively.
One design to eliminate total internal reflection is to fabricate a cone shape
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ni
(a) (b)
F i g u r e  5.5: Illustration of different geometric shapes and light propagation 
inside (a) a cube-shaped and (b) a cone-shaped LED. Note that 9C is the angle
of total internal reflection.
surface with the sidewall angle equal to critical angle (Figure 5.5b), so that the 
light inside the cone never reaches its critical angle.
5.3 Current Spreading for LEDs
According to Eq. 5.5 it is seen that a uniform current spreading is desirable for 
high brightness LEDs. When a current is driven through the p-type contact of a 
LED, it starts to spread to the location which has the same potential. Figure 5.6 
shows the current spreading paths for a conductive-substrate LED. It is seen that 
increase in p-type ohmic contact area can result in more uniform current spread­
ing, but most of the emitted light will be obstructed by this contact. Sugawara et 
al. [10] used a p+-GaAs layer under p-type ohmic contact of an AlGalnP LED to 
increase the current spreading laterally and noted a dramatic improvement (~40 
times) in light emission efficiency. In general, improved current spreading for 
this type of LED mainly involved the use of additional layers between the p-type 
ohmic contact and p-type semiconductor layer, to match the vertical resistance 
in the LED structures.
For GaN-based LEDs, the current spreading issue is more important because the
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F ig u r e  5.6: Illustration of the current spreading for a conductive-substrate type
F ig u r e  5.7: Illustration of the current spreading for a LED with a insulating
substrate [13].
carrier injection is mainly in the lateral direction due to the use of insulating 
sapphire substrates. In this type of LED (Figure 5.7), the finite resistance of 
the n-GaN buffer and lower confinement layers can cause current “crowding” 
near the edge of the contact. Shatalov et al. [9] have studied the light emission 
characteristics for the GaN-based UV LEDs grown on a SiC conductive substrate 
and sapphire insulating substrate. It was found that the SiC LEDs have a lower 
differential resistance and turn-on voltage, indicating a lesser effect on the current 
crowding. The localised high current density will generate more heat and thus 
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To solve the current spreading issue for the insulating-substrate type LEDs, Kim 
et al. [14] proposed a simple model for uniform current spreading. Figure 5.8 
demonstrates the possible current paths for a GaN LED. Denote transparent p- 
GaN contact, p-GaN, junction, and n-GaN as the subscription lt \  lp \  ‘j ’ and ‘n ’, 
respectively. The total voltage drop (Vr) across the two contact pads is given
VT =  Vt +  Vp +  V j+ V n
= J  pt(l +  tt) +  J  pp{l +  Pt) +  Vj 4- J  pn(L +  rit) (5-7)
where J  is the current density, p is the resistivity, t is the thickness of the film, and 
I and L is the length of active region and the distance between two contact pads, 
respectively. Neglect the vertical components of the transparent layer (JptU) 
and the n-type layer (Jpntn) because tt and tn is much smaller than I and L. The 
possible current paths, A and B, can be given by
(Y t )a  — J Ptl + J  Pptp +  Vj +  j  Pn{L — I) 
(L t)b — J  Pptp “I- Vj “I” J  pnL
(5.8)
(5.9)
Because the voltage drop between two points is independent on the path of cur­
rent, applying the condition (V t)a  — (V t)b  gives
J{p t~ P n ) l~  0 (5.10)
It is clear that the values of pt and pn must be identical, or either J  or I has to 
be reduced. The authors suggested a contact pad design to reduce the value of I. 
Figure 5.9 shows a modified p-GaN ohmic contact design which consists of two 
extended contact pads. Higher light emission intensity was observed although 
the additional p-GaN ohmic contact pads reduced the emission area, indicating 
more current passing through the active region.
Guo et al. [13] reported a simulation based on the assumptions that the p-GaN
1 5 7
















F igure 5.8: The possible current paths from the p-type to n-type ohmic contact
for a GaN LED [14],
(a) (b )
F igure 5.9: The contact pad for a (a) commercial LED, and (b) modified LED. 
Note that the size of the LEDs are 300/xm x 300/rm [14],
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ohmic contact has equal potential, e.g., a thick and highly conductive layer is 
used, and ignoring the temperature effect on the voltage drop across the series 
resistance of a LED. The current density distribution is given by [13]
where J(0) is the current density at the p-type contact edge, pc is the specific 
contact resistance, pp and pn are the resistivity of p-GaN and n-GaN, and tp and 
tn are the thickness of p-GaN and n-GaN. Denoting L s as the length where the
to minimise the current crowding. Alternatively, one can increase either specific 
contact resistance, p-GaN resistivity, thickness of p-GaN or n-GaN, to achieve 
uniform current spreading. However, the increase in specific contact resistance of 
p-GaN can induce damage to the devices [11], the alternative methods are more 
practical for high efficiency GaN-based LEDs.
For commercial GaN-based LEDs, a semi-transparent Ni/Au layer is normally 
used for p-GaN ohmic contact [12]. The thickness of the Ni/Au layer is within 
lOnm, resulting in a high resistance of this layer. Therefore, Kim et al. [15] 
took into account of this thin Ni/Au layer and expanded Guo’s theory of current 
spreading, deducing a current spreading length (L s)
It indicates that uniform current spreading can be achieved by matching the 
resistance of n-GaN and the contact layer, or by increasing the thickness of the 
p-GaN layers.
(5.11)
current density drops to the 1/e value of the current density at the edge, i.e. 
J(L S) /J ( 0) =  1/e, yields
(5.12)
It is seen that the resistivity of n-GaN has to be as small as possible in order
pc Pp tp (5.13)
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F ig u r e  5.10: The equivalent circuit for a GaN LED with a Ni/Au/ZnO contact. 
Note that paths A and B represents the current flow path.
5.4 Current Spreading Sim ulation for G aN  LED
According to published studies of current spreading for GaN LEDs, the resistivity 
of the contact layer and their thicknesses are critical. In this study, equivalent 
circuits for thin Ni/Au/ZnO contacts, thin Ni/Au contacts and highly conduc­
tive p-GaN ohmic contacts are used as the simulation models. Circuit analysis 
software PSpice 8.0 from MicroSim Corporation was employed in the simulation.
Figure 5.10 illustrates the equivalent circuit for a stripe LED structure used in 
this simulation. The detailed description of the components is listed in Table 5.1. 
In this structure, two possible current paths, A and B, are assumed. The current 
across D1 can be obtained by sweeping x from 0 to the length (L) of the LED 
structure. The structure data is adopted from the real LED structure used in the 
later experiments and the study of ZnO growth in chapter 2 and listed in Table 
5.2.
Based on the settings described above, three equivalent circuits for a 1mm x 100
1 6 0
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Components Description
R l, R2 Lateral resistance of ZnO
R3, R4 Contact resistance between ZnO and Ni/Au
R5, R6 Lateral resistance of Ni/Au
R7, R8 Contact resistance between Ni/Au and p-GaN
R9, R10 Vertical resistance of p-GaN
Dl, D2 Multiple quantum well diode
R ll ,  R12 Lateral resistance of n-GaN
I Current source
Table 5.1: List of components used in the simulation.
Description 
Resist ivity (n- G aN) 
Resistivity(p-GaN)
Resistivity (N i /  Au)
Resistivity(ZnO)
Contact resistance(ZnO -  Ni/Au) 
Contact resistance (Ni/Au -  p-GaN) 











2 x l0 -5 Q.cm 
7 .7x l0 -3 fbcm 
8 .5x l0 -3 ft.cm2 






70 /mi, 150 /mi, 230 /on, 480 /mi, 
and 1000 fim 
100 fini
Table  5.2: List of values used in the simulation.
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{8500/(1000-x)} R4 <  {850O/x}
{48100/x}R7 R8
{146.8/(1000-x)} R10 {146 8/x>
D2
R12 





F ig u r e  5.11: The equivalent circuit used in the simulation for the GaN LED
with a Ni/Au/ZnO contact.
pm  strip consisting of a Ni/Au/ZnO, Ni/Au and highly conductive contact for 
p-GaN (Figure 5.13) were created.
For the Ni/Au/ZnO film, the effective resistivity (p ( m /A u /Z n O )) is given by
(  PNi/Au ' L  Pc(ZnO—Ni/Au) PZnO ’ L  
P(Ni/Au/ZnO) -  [ j ~ ~  W  ( Z „ o  ' W
{tNi/Au  +  tZnCf) • ^  A\
 1   (5-14)
where pNi/Au and pzno are the resistivity of Ni/Au and ZnO, respectively, 
Pc{ZnO—Ni/Au)  is the contact resistance between ZnO and Ni/Au, tm/Au and tzno 
are the thicknesses of Ni/Au and ZnO layer, respectively, and L and W  are the 
device length and width. In order to match the condition pt/ t t =  pn/K  which is 
given by Eq. 5.13, the resistivity of the contact layer must be increased because
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R8 <  {11900/x}






F ig u r e  5.12: The equivalent circuit used in the simulation for the GaN LED
with a Ni/Au contact.
{11900/x}R7 <{11900/(1000-x)} R8
R9 <  {146.8/(1000-x)}







F ig u r e  5.13: The equivalent circuit used in the simulation for the GaN LED
with a highly conductive contact.
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the resistivity of Ni/Au is low. Eq. 5.14 clearly shows that the additional ZnO 
layer has increased the resistivity of the contact layer, resulting in a better match 
between the contact and the n-GaN layer. Figure 5.14 shows the simulation re­
sults. It is seen tha t the Ni/Au/ZnO contact gives better current spreading for 
all cases. It is because of the better match between Ni/Au/ZnO and n-GaN.
In order to compare light emission from the devices, the integration of the current 
over x was performed because Eq. 5.5 has shown the direct relationship between 
light output and current. Table 5.3 shows the integrated current and the percent­
age over the integrated current of the Ni/Au/ZnO contact. The result of Kim’s 
modified contact pad [14] (Figure 5.9) was first examined by this model. It was 
found that the integrated current was increased by 23% when the contact pad 
distance was reduced from ~  230 pm to 70 pm. Kim’s experimental work showed 
that the improvement in light emission power was ~22%. Hence, the simulation 
results showed good agreement with experimental data.
For the highly conductive contact, the integrated current has only a 6% difference 
compared with that of Ni/Au/ZnO for the 70pm-long strip, but it significantly 
increases to 20% for the 150/zm-long strip. This indicates that the current crowd­
ing is severe for this type of contact. In contrast, the Ni/Au contact has a similar 
(3%) difference for the 70/zm-long strip, but only 10% difference when the device 
length is increased to 150 pm. This result also shows that different contact pad 
design has only a minor effect for the contact pad distance, less than 70 pm, for 
highly conductive contacts and 150 pm for the Ni/Au contact. It implies that a 
more transparent contact is more suitable for the device which has the contact 
pad distance less than 150 pm because more light can be extracted from this 
transparent contact layer.
For large size GaN-based LEDs, the current spreading tends to be worse. Figure 
5.14 shows the current distribution curves. It is seen tha t the current drops 
to only 20% within 300 pm for the lmm-long strip which consists a Ni/Au/ZnO 
contact. The device with a highly conductive contact is much worse. The current 
drops to 20% within 50 pm. It is because most of the current can spread very 
rapidly through this highly conductive pad in the lateral direction, and the high 
resistance induced by the large size of the device results in current preferentially 
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F ig u r e  5.14: The simulated current distribution for the rectangular GaN-based 
LEDs with the width 100 /xm and the lengths (a) 70 /xm, (b) 150 fim, (c) 230
/xm, (d) 480 fim, and (e) 1000 /xm.
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70 /im 150 /an 230 /tm
f  I  dx % f l  dx % J I  dx %
Ni/Au/ZnO 0.66863 100% 1.38029 100% 1.96445 100%
Ni/Au 0.64830 96.96% 1.23118 89.20% 1.60727 81.82%
Highly conductive 0.62952 94.15% 1.01013 79.79% 1.29982 66.17%
480 fim 1000 /jm
j  I  dx % f  I  dx %
Ni/Au/ZnO 3.03523 100% 4.43902 100%
Ni/Au 2.1948 72.31% 3.06038 68.94%
Highly conductive 1.29043 42.52% 1.30229 29.34%
T a b l e  5.3: Integrated current over location x  and the percentage of the inte­
grated current of Ni/Au/ZnO contact.
5.5 Design of High Efficiency GaN-based LEDs
GaN-based light emitting diodes (LEDs) have been extensively investigated be­
cause of their wide applications, e.g., full-colour displays, full-colour indicators, 
and high efficiency lamps [7, 8, 2]. The improvement of radiation intensity from 
the active region and the light extraction have been the key issues for high effi­
ciency GaN-based LEDs.
For an increase in radiation extraction from the active region, the device has to 
either enhance the possibility of radiative recombination in the active region, or 
increase the current injection to the active region, or both. The former method 
can be achieved by reducing non-radiative centres, e.g., defects and dislocations, 
or by the improvements to the design of the active region. Lester et al. [16] have 
reported a high dislocation density for the GaN film grown on a sapphire sub­
strate, due to the lattice mismatch. The authors suggested that the dislocations 
are not acting as efficient non-radiative recombination sites. However, Sasaoka et 
al. [17] showed that the dislocations are non-radiative recombination centres and 
may considerably reduce the light output from the LEDs. Thus, an improvement 
of GaN crystal quality is a way forward to achieve high efficiency LEDs.
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F i g u r e  5.15: Energy band diagram of the charge asymm etric resonance tun­
nelling LED structure [18].
For the active region design, several m ethods have been proposed. Rebane et 
al. [18] proposed a charge asymmetric resonance tunnelling LED structure to  
improve the possibility of electron-hole recombination. Figure 5.15 shows the 
energy band diagram for this structure. The electron em itter is coupled to the 
active layer through a GaN:Si barrier. This barrier allows electron tunnelling, 
but can block holes. It has increased the capture efficiency of the electrons into 
the active layer, suppressed electron leakage into the hole em itter, and reduced 
the parasitic light generated outside the active layer. Sheu et a l  [19] have 
experim entally confirmed the design and an increase in light output, ~ 2  times, 
was observed compared with a conventional LED design.
To increase the injection of current to the active region, uniform current spread­
ing is desirable (see Section 5.3). The simulation results (section 5.4) show that 
the current spreading length can decrease very rapidly in large size LEDs. Thus, 
a better contact design can improve the current injection which results in higher 
efficiency of the light emission. Huh et al. [21] inserted a current blocking layer 
beneath the thick p-GaN contact pad. It effectively improved the current spread­
ing and the reported light-output power was 62% higher than that compared with 
the conventional GaN LED, although the light em itting active area was reduced 
30%.
To achieve higher extraction efficiency for the em itted light inside the LED struc­
ture, different geometric shapes for LEDs [20], a D B R  coating beneath the active
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region [2 2 ] and anti-reflection optical coating (see chapter 2 ) can be utilised. 
Krames et al. [20] fabricated a LED with a truncated-inverted-pyramid chip 
geometry, which decreases the effects of total internal reflection. The external 
quantum efficiency has been increased ~1.4 times by using this technique. Chen 
et al. [22] reported a coating of DBR on the backside of a GaN LED (Figure 
5.4). Because of its nearly 100% reflection the light emitted downward will be 
reflected back to the GaN, resulting in more light emission from the top and 
sidewalls. The integrated light output power for the sidewalls and top surface 
has been increased 2  times.
A Ni/Au/ZnO  contact for p-GaN has been theoretically and experimentally 
shown to improve light extraction (see chapter 2). In addition, the simula­
tion results have demonstrated a more efficient current spreading by using the 
Ni/Au/ZnO  contact. By combining these two effects, it is expected to be more ef­
fective in improving light emission from LEDs. The following experimental work 
will focus on the investigation of the light emission intensity from the different 
size of GaN-based LEDs.
5.6 Experim ent
Metalorganic chemical vapour deposition (MOCVD) was used to grow a 1 fim- 
thick unintentionally doped GaN buffer layer on a (0001) sapphire substrate. This 
was followed by the growth of 1.18 //m-thick Si-doped n-GaN. Subsequently, a 
two-period Ino.25GaNo.75/GaN multiple quantum well (MQW) was grown, fol­
lowed by the deposition of a 0.367 /un-thick Mg-doped p-GaN (Figure 5.16). A 
N i/A u=5nm /5nm  layer was then deposited on the top of this LED structure by 
an e-beam evaporation system and then annealed at 500 °C in oxygen for 5 min­
utes. This sample was cut into two pieces and one of the pieces had a 45 nm-thick 
ZnO film coated on the top of the N i/Au film by ion beam deposition. The depo­
sition condition is the same as that described in Section 2.3.3. The p-GaN contact 
was patterned by ion beam etching with circular dots whose radii were 1000  jim, 
480 jam and 230 jam. The p-GaN was selectively etched to expose n-GaN layer 
by inductively-coupled plasma etching. This was followed by the deposition of 
T i/A l= 2 0 n m /1 0 0nm on the n-GaN. The current-volt age (I-V) characteristics of
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p-GaN (0.367pm )
Ino.25Gao.25N/GaN
n-GaN (1.18pm ) 
i-GaN (1 pm)
F ig u r e  5.16: The structure detail of the LED.
the LEDs were measured using a Keithley 238 high current source measurement 
unit.
The ZnO film was directly in contact with the Au film of the Ni/Au layer. It 
indicates the measurement of specific contact resistance for ZnO -  Au contact is 
necessary. The circular transmission line method (CTLM) (see Section 2.1.2) was 
used to determine the specific contact resistance. The I-V characteristic between 
the central dot and outer contact is linear, indicating ohmic behaviour. The 
specific contact resistance of the ZnO -  Au interface was estimated at 8.5 xlO-3 
fhcm2.
5.7 R esults and D iscussion
Figure 5.17 shows the I-V characteristic for an LED which consists of a 
Ni/Au/ZnO (LED[Ni/Au/ZnOj) and Ni/Au (LED[Ni/Au]) contact. It is seen 
that the differential resistance of LED [Ni/Au/ZnO] is higher than that of 
LED [Ni/Au]. It is because the series resistance of LED [Ni/Au/ZnO] was in­
creased by the additional ZnO, which can be seen in Eq. 5.14.
Figure 5.18 demonstrates the electroluminescence of the circular LED with 
radii of 1mm (LED [1mm]), 480^m (LED[480/mi]) and 230/zm (LED[230/xm]). 
The light emission is measured from the backside of the LED structure. The 
emission peak wavelength is 460nm for all samples. The peak intensity of 
LED[Ni/Au/ZnO] is higher than that of LED [Ni/Au] for all size of LEDs, in-
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F ig u r e  5.17: I-V characteristic of the LED with a Ni/Au and Ni/Au/ZnO
contact.
dicating a higher light emission efficiency obtained by LED[Ni/Au/ZnO].
The difference in the current spreading efficiency for LED [Ni/Au/ZnO] and 
LED[Ni/Au] was examined by comparing the light emission intensity for different 
size. It is seen that the difference was increased when the device size becomes 
larger. These results are consistent with the simulations (see Section 5.4).
The difference in the measured emission intensity for LED[230/im] with the 
Ni/Au/ZnO and Ni/Au contact (Figure 5.18(c)) is 30%, while that of the in­
tegrated current in the simulation is 20%, which may be due to the formation of 
the discontinuous Ni/Au film after annealing (see Section 2.2.5). The additional 
conductive ZnO film has acted as a conductor between the discontinuous Ni/Au 
island structures. For large area LEDs, the total contact area of the Ni/Au film 
may be dramatically reduced because of the formation of these island structures, 
resulting in a much lower current spreading through the contact layer. This ef­
fect can be seen in Figure 5.18(a) and (c). For LED[480/im], the difference in the 
measured emission intensity is 60%, but the difference in the integrated current 
from the simulation is only 29%. LED[lmm] is the worst case. The difference
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F ig u r e  5.18: The electroluminescence of a circular LED with a radius of (a) 
1mm, (b) 480/zm, and (c) 230/xm at an injected current of 30mA.
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between measured emission intensity and simulation result is 90% and 31%, re­
spectively. This result shows that the additional ZnO film has not only acted as 
an anti-reflection film, but also acted to make the electrical conduct continuous.
5.8 Summary
The design of high efficiency GaN-based LEDs has been undertaken by a sim­
ulation of current spreading and later examined by experiments. A simulation 
involving equivalent circuits and circuit analysis software PSpice 8.0 , has been 
made and compared with experimental work. The simulation results are found 
to be consistent with the experimental work.
The simulation is based on the assumption that the voltage drop between two 
given paths of current flow from p-contact to n-contact has to be small for uni­
form current spreading. Consequently the current spreading situation may be 
evaluated by comparing the voltage difference between two different given paths 
of the current flow. Thus, an equivalent circuit for the N i/Au/ZnO, Ni/Au, and 
highly conductive p-GaN contact was created for the simulation. The simple 
structure of GaN-based LED, consisting a transparent Ni/Au or Ni/Au/ZnO 
contact, p-GaN, InGaN quantum well and n-GaN, was used.
The simulation results showed that the Ni/Au/ZnO contact has better current 
spreading characteristics than the Ni/Au contact, for the contact pad distance 
70 pm  to 1mm. The difference in the integrated current between these two type 
of contacts increased from 3% for the 70 /tm-long strip to 31% for the 1mm- 
long strip. For the highly conductive contact, the current spreading is inferior 
to the Ni/Au/ZnO and Ni/Au contact because the difference in resistivity of the 
p-GaN contact and n-GaN is large, resulting in larger voltage drop for a given 
two different paths of current flow. The difference in the integrated current for 
the Ni/Au/ZnO contact and the highly conductive contact is as high as 72% for 
the lmm-long strip.
Circular LEDs with radii of 230 /mi, 480 pm  and 1 mm were fabricated. The 
I-V characteristics show that the differential resistance of the LEDs with a
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Ni/Au/ZnO contact is larger than that of the LEDs with a N i/Au contact. This 
is attributed to the additional ZnO induced increase in series resistance. The dif­
ference in light emission intensity between LED [Ni/Au/ZnO] and LED [Ni/Au] 
was increased when the device size became larger, which is consistent with the 
integrated current calculated in the simulation. It indicates the current spreading 
situation may be significantly degraded for large LED [Ni/Au]. By comparing the 
measured light emission intensity and integrated in the simulation it was found 
that the consistency is getting worse when the device size becomes larger. It may 
be due to the formation of discontinuous Ni/Au island structures because the 
simulation assume a continuous p-GaN contact used. The additional ZnO film 
has acted to make the film continuous, resulting in a better current spreading 
though the p-GaN contact layer.
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Chapter 6
Conclusions and Future Work
6.1 Conclusions
The demands for high efficiency light emitting devices, especially in the blue and 
UV range, for solid-state lighting applications are continuously growing. Since 
the 1990s, group III-nitrides have been the most promising materials for these 
applications. While the crystal growth and doping techniques are gaining great 
attention, reliable processing and device design for high efficiency light emitting 
devices is the other critical consideration needed for group III-nitrides to reach 
their full potential. This thesis has focused on several processing techniques and 
device designs aimed at improving the brightness of light emitting diodes.
The phenomenon of light extraction from GaN-based surface light emitting de­
vices has been investigated. The mechanism for the increased light transmission 
in an annealed thin Ni/Au contact was first theoretically and then experimen­
tally conducted. The results showed that the increased light transmission in the 
Ni/Au contact is mainly due to the open areas induced by the formation of island 
structures after annealing. This was followed by investigation of the importance 
of Au in the Ni/Au contact. The presence of Au was demonstrated as being 
essential for lowering the specific contact resistance. Subsequently, the study of 
ZnO film growth by ion beam sputtering using a metallic Zn target followed. It
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was found that the oxygen flow rate and substrate temperature have significant 
effects on the structural and electrical properties of the ZnO film. Finally, a 
novel Ni/Au/ZnO contact for p-GaN was theoretically and experimentally stud­
ied. The addition of a ZnO film has effectively increased the light transmission 
to 89% at a wavelength of 470 nm, which is 15% higher than that of the Ni/Au 
contact.
The effects of inductively-coupled plasma etching on the etch rate, DC bias and 
surface morphology for a GaN LED structure was reported. It was found that 
the ICP power, RF power, chamber pressure, and RF power are the most signifi­
cant parameters for the etch rate, DC bias, surface roughness, and sidewall angle, 
respectively. An optimisation method based on the experimental data was devel­
oped. Investigation of the damage induced by the S i02 ion beam deposition has 
subsequently been undertaken because S i02 is a widely used material for etch­
ing masks and insulation. The result demonstrated that the photoluminescence 
intensity was reduced after the coating with S i02.
One novel processing technique involving inductively-plasma etching has been 
developed for the fabrication of GaN nanotubes. These nanotubes have a wall 
thickness of ~20 nm and an outer diameter ~200 nm. The etching technique 
was then applied to the fabrication of n-GaN field emission emitters in the form 
of nanotubes. The dramatic decrease in the turn-on electric field for electron 
emission has been observed. It is attributed to the geometric-induced electric 
field enhancement.
The developed Ni/Au/ZnO and inductively-coupled plasma etching have applied 
to the fabrication of GaN-based light emitting diodes. The current spreading for 
this type of light emitting diode was studied first by the analysis of equivalent 
circuits for the LEDs. The results indicated that the current spreading length 
is strongly dependent on the p-GaN contact layer. The addition of a ZnO film 
on the Ni/Au contact has induced a better match to the n-GaN layer, resulting 
in a better current spreading. It also found that the current crowding for the 
commercial indicator GaN-based LEDs, which is 300 /xm square, is not critical. 
However, the light emission intensity for the large LEDs is highly sensitive to the 
p-GaN contact pad design.
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6.2 Suggestions for Future Work
In this work, the light transmission for the GaN-based devices has been increased 
to 89% at a wavelength of 470nm by using a Ni/Au/ZnO contact. However, this 
Ni/Au/ZnO contact is not feasible for UV LEDs because ZnO has high absorption 
in the UV light range. Thus, different transparent materials which have low 
contact resistance with p-GaN have to be used for the anti-reflection design. The 
low contact resistance may be achieved either by seeking a material which has a 
comparable work function to p-GaN or developing processing techniques to lower 
the barrier between contacts and p-GaN.
In the work of inductive-coupled plasma etching for a GaN-based LED, a column 
structure was formed after etching for all conditions. However, a smooth surface 
was observed for bulk GaN etching, indicating that the formation of the column 
structure is related to the additional AlGaN or InGaN layers in the LED struc­
ture. More detailed studies are suggested in order to develop an understanding 
of the formation mechanism. In the work on the damage induced by Si02 de­
position, the damage has been evaluated by measuring the photoluminescence 
decrease for a multiple quantum well structure. The damage path and depth 
may be also investigated by microstructure analysis.
Fabrication of GaN nanotubes is a very attractive proposition because many 
applications for carbon nanotubes have been explored. In this work, the technique 
has been applied to the fabrication of field emission emitters. To make GaN 
nanotubes to reach their full potential in such applications, it is suggested that 
further effort is placed on understanding the characteristics of the fabrication 
process and on the properties of the nanotubes.
The importance of the current spreading designs has been shown in this work. 
The Ni/Au/ZnO contact for p-GaN has demonstrated higher current spreading 
efficiency than is obtained by conventional Ni/Au contacts. For large p-GaN 
contact areas, more efficient current spreading design is essential. Efficient current 
spreading design can be achieved by inserting a more conductive layer between 
the active region and the n-GaN layer or by use of more complicated designs for 
p-GaN contact pad.
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